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ABSTRACT
The indiscriminate disposal of lead (Pb) and chromium (Cr) containing wastes has resulted in a
detrimental impact on environmental health. Lead and Cr are in the EPA priority list due to their
degree of toxicity on humans, animals, plants, and other living organisms. The removal of toxic
wastes involves technologies that are expensive, sometimes incomplete, and could represent
health hazards. In addition, site restoration after contaminant removal encompasses time and
technological resources.

Phytoremediation, the use of plants alone or associated with

microorganisms, represents a potentially cost-effective option in the long term management of
contaminated sites. Various plants known as “hyperaccumulators” have shown the ability to
remove toxic elements at high levels that they are being used to restore contaminated sites. In
addition, Arbuscular Mycorrhizal (AM) fungi have proven to help plants to survive and increase
the adsorption of toxic elements from heavily polluted sites. Previous reports indicated that
Mesquite (Prosopis sp.) is a very robust desert plant species with high tolerance and uptake
capacity for toxic metals/metalloids. It is also known that this leguminous species grows
associated to microorganisms. However, there is no information about the contribution of AM
fungi on metals/metalloids uptake capacity of Mesquite. In this investigation the Cr and Pb
uptake capability of Mesquite associated with the AM fungus Glomus deserticola was studied.
This research was completed in three phases. In phase I, five species of Glomus were treated
with Cr(III), Cr(VI), and Pb(II) at 0, 10, 20, 40, 80 and 160 mg L-1 in the agar-based Murashige
and Skoog nutrient medium. After 30 days of incubation, the metal tolerance of Glomus species
was evaluated through mycelia growth and the metal uptake capacity through inductively
coupled plasma-optical emission spectroscopy (ICP-OES). In phase II, Mesquite plants
associated with Glomus deserticola (identified in phase I as the most promising species), were
viii

treated for 15 days in hydroponics with Pb at 0, 10, 50, or 100 mgL-1, and Cr(III) and (VI) at 0,
20, 40, 75, or 125 mg Cr L-1. Plant stress was evaluated by using total amylase activity (TAA).
The metal uptake and metal tissue distribution was determined through ICP-OES, electron
scanning microprobe (x-ray mapping) and transmission electron microscopy. In phase III,
uninoculated and inoculated Mesquite plants with G. deserticola or amended with EDTA were
grown for 30 days in soil containing Cr(III), Cr(VI) or Pb at 0, 40, 80, and 160 mg L-1.
Evapotranspiration and TAA were monitored as stress indicators. The fungus experiment showed
that G. deserticola had higher capabilities to grow and uptake Pb and Cr, becoming a potential
candidate for future research. The hydroponic experiment showed that all Cr ions and the highest
Pb concentrations reduced shoot size compared to control samples. Toxic effects (yellowish
leaves, leaf decay) were observed after seven days of treatment. However, Pb and Cr(III) treated
plants recovered upon conclusion of the experimental period. The TAA in leaves increased upon
the addition of Pb and Cr. The ICP-OES results showed that plants treated with Pb at 50 mgL-1
accumulated in roots, stems, and leaves: 61947, 9584, and 478 mg Pb kg-1; whereas plants
treated with Cr(III) and Cr(VI) at 125mgL-1 accumulated 28815, 6055, and 647; and 13767,
5010, and 2530 mg Cr kg-1, respectively. TEM micrographs showed the presence of G.
deserticola within roots and the x-ray mapping demonstrated higher Cr and Pb deposition in
xylem

and

phloem

cells.

Results

showed

that

G.

deserticola

improved

metal

tolerance/accumulation in mesquite. The soil experiment demonstrated that AM inoculated
Cr(VI) and Pb treated plants had in roots 21% and 30% more Cr and 142% and 112% more Pb
than uninoculated and EDTA treated roots, respectively, at 80 ppm treatment. In the case of
Cr(III), EDTA produced the highest Cr accumulation in roots. TAA was higher in inoculated
plants grown with Cr(III) at 80 and 160 ppm and Cr(VI) at 40 and 160 ppm, while

ix

evapotranspiration was higher in control plants without/with fungus. TEM micrographs
corroborated the presence of G. deserticola in roots and stems and the x-ray mapping showed
higher metal concentrations in the vascular system of inoculated plants. These results
corroborated 1) the heavy metal phytoremediation capabilities of mesquite, 2) the increase in the
uptake and translocation of Cr and Pb by AM fungus G. deserticola, and 3) the differential
distribution and accumulation of Cr and Pb within plant tissues.
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CHAPTER 1
Introduction
Lead (Pb) and chromium (Cr) contamination of surface soil and water can result
in environmental problems as they pose health risks for all living organisms (Muyiga
2009, Gardea-Torresdey et al., 2004; Salt et al., 1998). There are large Pb and Cr
contamination sites around the world, mostly linked with improper dumping and storage
of mine and industrial wastes. Different techniques enforced by the EPA, including
physical and chemical methods, have been recommended for the restoration and
management of areas contaminated with Pb and Cr (Superfund EPA, 2009). However,
most of these techniques are often expensive, labor consuming, soil disturbing, and
inappropriate for large areas (Reeves and Baker, 2000; Barceló and Poschenrieder, 2003).
In the last three decades, reports indicated that plants and microorganism can restore
heavy metal contaminated soil and water (Gardea-Torresdey et al., 2004; Alvarez and
Illman, 2005; Kamath and Alvarez, 2004; Johnson, 1988). Several researchers have
reported the heavy metal uptake potential of plants such as Thlaspi arvense, Cannabis
sativa, Brassica juncea, Salsola kali, Convolvulus arvensis, Medicago sativa, and
Prosopis spp. (Gardea-Torresdey et al., 1996; Salt et al., 1998; Chaney, 1997; Brooks,
1998). Other reports have shown that the association of plants with AM fungi represents
an excellent option for the restoration and management of Pb and Cr contaminated sites
(Bernard, 2003; Botsford, 2000). The effectiveness of this technique depends highly upon
the capabilities of the organisms that are the primary constituents of the symbiotic
relationship contributing to Pb and Cr uptake and tolerance. Plants and arbuscular
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mycorrhizal symbiosis is a very ancient association between some Zygomycete (order
Glomales) fungi that includes more than 80% of land plants (Smith and Read, 1997;
Ellzey, 1991). AM fungi contribute to plant health as they consequently improve plant
nutrition and, in most instances, plant resistance against pathogen attacks (Gianinazzi et.
al., 2001; Gianinazzi-Pearson et. al., 1996). In turn, the host plant supplies sugars and
carbon to the AM fungi organism, which is incapable of obtaining these nutrients on its
own, and completing its life cycle in the absence of the host plant.
Several authors have described growth stimulation of germinating AM fungi in
the presence of the host root exudates. Therefore, it is certain that host plants release
metabolites critical in the fungal growth and development (Vierheilig et al., 2004; Mosse
and Hepper, 1975; Graham, 1982; Elias and Safir, 1987; Becard and Piche, 1989a;
Giovannetti et al., 1993). Furthermore, studies have demonstrated, that the symbiotic
interaction between plants and AM fungi, have an effect on the tolerance and uptake of
heavy metals, but little is known about this (Anderson et al., 1993 & Botsford, 2000). On
the other hand, the ability of mesquite (Prosopis spp.) to uptake Cr and Pb have been
previously reported with successful results (Aldrich, et al., 2004; Aldrich et al., 2003).
However, to our knowledge the proposed plant’s uptake ability of other metals in
symbiotic interaction with AM fungi have not been studied. Therefore, new
investigations concerning these symbiotic interactions and their effects on metals uptake
and translocation are needed in order to understand the physical and physiological
mechanisms between the host plant (Prosopis spp.) and the AM fungi (Glomus spp.).
Other studies have shown that plants have the capacity to resist high
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concentrations of metals without undergoing toxic effects (Gardea-Torresdey et al., 1996;
Salt et al., 1998; and Brooks, 1998). Apparently, some plants can exclude and change the
elements to less toxic metabolites by close interaction with bacteria and fungi. These
interactions take place at the rhizosphere level where higher concentration of exudates
and enzymes are produced building up a feasible growth environment for plants (Carrillo
et al. 2005; De Souza, 1998). In a study conducted by Rufyikiri et al., (2004) it was found
that the extraradical mycelium network of Glomus intraradices can uptake and
translocate uranium from the roots to the aerial parts.
1.1. Phytoremediation Background

The use of plants to remove or stabilize contaminants has been called phytoremediation.
This is a green technology that has been applied to remediate different hazardous wastes,
and has been used in soil, surface water, ground water, and sediment (U.S. EPA 1999 &
2000). The EPA (2006) and other agencies (TCEQ) have estimated the cost of
phytoremediation techniques to be from 50% to less than 20% of physical, chemical or
thermal techniques.
Researchers at the University of Texas at El Paso have studied the phytoremediation
potential of several plant species (Aldrich et al., 2003; 2004; Lopez et al., 2007; de la
Rosa et al., 2008, Castillo-Michel et al., 2009, Rodriguez et al., 2009). Although some of
the studied desert plants that have been identified as potential phytoremediators are
known to grow associated to microorganisms, this is the first attempt to determine the
contribution of microorganisms in the metal uptake capacity of a desert plant. As shown
in Figure 1, bacteria and fungi populate the rhizhosphere influencing root environment.
3

Figure 1. Rhizosphere (U.S. EPA 2006)
Soil organisms including bacteria and fungi tend to flourish in the vicinity of roots. This region of soil,
roots, and organisms is the “rhizosphere” and extends approximately 1–3 mm from the root surface.

In this environment, plants provide nutrients necessary for the microorganism to grow,
while the microbes such as bacteria, yeast, and fungi provide a healthier soil environment
where plant roots can grow (Arnold et al., 2007; U.S. EPA 2001; Anderson et al., 1992,).

1.2. Types of Phytoremediation
1.2.1. Phytosequestration
Phytosequestration is one the most used types for soil restoration using plants. The
process encompasses the sequestration of certain contaminants in the rhizosphere through
exudation of phytochemicals (sugars, alcohols, carbohydrates, enzymes, proteins, etc.)
which precipitate elements in the root zone (Fig. 1). Transport proteins bind and stabilize
these elements on the root surface or sequestered and store them in the vacuoles of root
cells. These processes are illustrated in Figure 2 (Shah et al., 2002; U.S EPA 2006).
4

Figure 2. Phytosequestration mechanisms (U.S. EPA 2006)
Phytosequestration reduces the mobility of contaminants and prevent migration to soil, water, and air. A:
phytochemical complexation, B: transport protein inhibition, C: vacuolar storage.

1.2.2. Rhizodegradation
Rhizodegradation is produced by the increase of microorganism activity as a result of
enhanced phytochemical exudations by root plants. Sequestered contaminants are
converted to harmless products by the symbiotic interactions of plants and
microorganism where contaminants become sources of food and energy for plants and
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microorganism, as illustrate in Figure 3 (U.S EPA 2006; Ferro et al., 2002).

Figure 3. Rhizodegradation mechanisms (U.S. EPA 2006)
Specific proteins and enzymes, or analogs to those produced by the soil organism needed to breakdown the
contaminant, may be produced and exuded by the plant and microorganism themselves.

1.2.3. Phytohydraulics
Phytohydraulics is the ability of plants to capture, evaporate, consume, and
evapotranspire sources of surface water and groundwater through the different parts of
the plant. Cottonwood, poplar, and willow, which are deep-rooted, high-transpiring,
water-loving trees (Figure 4) have been successfully used in phytohydraulics (Hirsh et al.,
2003; U.S EPA 2006; Gatliff 1994).

Figure 4. Phytohydraulics mechanisms (U.S. EPA 2006)
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Horizontal migration of groundwater can be contained or controlled using deep-rooted spp. such as prairie
plants and trees to intercept, take up, and transpire the water.

1.2.4. Phytoextraction
Phytoextraction is a term used for the process that includes the absorption and
translocation of contaminants (especially metals) to the aerial parts of the plant (Figure
5). Dissolved contaminants in soil water come into contact with plant roots in order to be
absorbed through plant transport mechanisms. Plants accumulate contaminants in
biomass via lignification (covalent bonding of the chemical or its by-products into the
lignin of the plant). They then sequester it into the cell vacuoles of aerial tissues (U.S
EPA 2006).

.
Figure 5. Phytoextraction mechanisms (U.S. EPA 2006).
Uptake of contaminants may occur through vapor absorption onto the organic root membrane in the vadose
zone. Once absorbed, the contaminant may dissolve into the transpiration water or be actively taken up
through plant transport mechanisms.

1.2.5. Phytodegradation
During phytodegredation, contaminants are subject to various internal enzymatic
reactions, metabolic processes, transformations through breakdown, mineralization, or
metabolization occurring within the plant itself (Figure 6). Many plants contain enzymes
that are capable of metabolizing chemicals reducing them to carbon dioxide and water
7

(Schnoor 1995). Studies have shown that the endophytic symbiotic bacterium
Methylobacterium populum that lives within poplar plants is able to mineralize RDX
(royal demolition explosive) and HMX (high melting-point explosive) (U.S EPA 2006;
Van Aken et al., 2004).

Figure 6. Phytodegradation mechanisms (U.S. EPA 2006)
Uptake of contaminants with the subsequent breakdown, mineralization, or metabolization by the plant
itself through various internal enzymatic reactions and metabolic processes. A: plant enzymatic activity, B:
photosynthetic oxidation.

1.2.1.6. Phytovolatilization
Phytovolatilization is the volatilization of contaminants throughout the leaf stomata or the
stem (Figure 7).

This has been demonstrated by the EPA in Poplar plants when

Trichloroethene has been broken down and volatilized (U.S EPA 2006; Ma and Burken
2002).
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Figure 7. Phytovolatilization mechanism (EPA 2006)
Volatilization of contaminants from the plant either from the leaf stomata or from plant stems. Once
volatilized, many chemicals react rapidly with hydroxyl radicals, an oxidant formed during the
photochemical cycle.

Table 1 summarize the application of these technologies

Table 1. Summary of phytotechnology and potentials mechanism for containment treatments (U.S. EPA
2006).
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1.3. Mycorrhizal Associations
Mycorrhizal association can be intracellular or endomycorrhyzal (endomycortical cells or
extension into the soil), intercellular or ectomycorrhyzal (root cortical or extension into
the soil). In this study, we focused on intracellular fungi types because this symbiotic
relationship may produce large quantities of hyphae on the root and in soil, which aids
the fungi hyphae to absorb, translocate, and release inorganic nutrients and water within
the plant (Chen et al., 2007; Van der et al., 2002).
These mycorrhizal types are found in grasses, shrubs, and trees. In soil ecosystems, the
demand on existent nutrients by plants is high, but phosphorus is commonly a restrictive
element that usually affects plant growth. Fungi belonging to the order Glomales colonize
on grasses, shrubs, and trees (Hildebrandt et al., 2007; Mehrotra 2005). The Glomalean
fungi produce extensive extramatrical hyphae in the root and soil (Figure 8) that
considerably increase nutrient and phosphorus uptake to the host plants (Mehrotra 2005).

Figure 8. Extramatrical Hyphae (Mehrotra 2005)
Glomalean fungi producing extensive extramatrical hyphae in the root and soil, which increase nutrients
and phosphorus uptake to the host plants.
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1.3.1. Endomycoorrhyzae or Arbuscular Mycorrhizae
Endomycorrhyzae may be initiated by spore and fragments of roots Figure 9 (c & f).
They appear as branched arbuscules (a) which develop initially in root cortical cells,
rapidly penetrating the plant cell wall, and grow inside the cell Figure 9 (c & d). When
the fungus penetrates and grows inside the plant cell (e), the plant host cell membrane
creates a compartment (f) that contains a material that prevents direct contact between the
plant and fungus cytoplasm, which allows efficient transfer of nutrients between plant,
and fungi (Montaño et al., 2007; Smith et al., 1997). These fungal structures form
vesicles (lipid-filled structures designed for storage, and sometimes, reproduction),
auxiliary cells (formed in the soil and their function is unknown), and asexual spores
(formed in roots and soil and are designed for reproduction) (Morton, 1988; Brundrett et
al., 2009).

a

b

c

d

e

f

Figure 9. Endomycoorrhyzae Mechanism (Smith 1995)
a.Arbuscules b. Vesicles c. Fungi fragments getting into plant cell wall d. Fragments inside cell wall
e. Fragments inside the cell wall compartments (photo f).
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1.3.2. Ectomycorrhizae
Ectomycorrhizae generate hyphae ramifications which are expressed as mantles of fungal
tissue (e) with hyphal filaments (2-5 days) that vary in thickness, color, and texture
depending on the particular plant-fungus association (Brundrett et al., 2002).
Ectomycorrhizae hyphae contact, recognize, and adhere to root (a,b) epidermal cells (1 –
2 days) of the modified lateral roots which are short roots (c,d) (Brundrett et al., 2006).
These hyphal filaments result in increasing the absorbtive surface area of roots which
uptake nutrients and metals from soil and water. Ectomycorrhizae have been studied in
woody plants such as Pinaceae, Fagaceae, Betulaceae and Myrtaceae. Over 4,000 fungal
spp. belonging primarily to the Basidiomycotina, and fewer in the Ascomycotina, are
known to form ectomycorrhizae. Many of these fungi produce mushrooms and puffballs
on the forest floor (Figure 10) . Some fungi have a narrow host range, such as Boletus
betulicola on Betula spp. While others have very broad host range, such as Pisolithus
arhizus (also called P. tinctorius) which forms ectomycorrhiza with more than 46 tree
species belonging to at least eight genera (Brundrett et al., 2009).
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a

b

c

d

e

Figure 10. Ectomycorrhizae Mechanism (Brundrett et al., 2002)
a. Hyphae contacting root b. Hyphae contacted root (1-2 days) c. Modified lateral roots (4 days)
d. Modified lateral roots (5 days) e. Mantle of fungal tissue (7 or more days)

This study included a series of experiments to get an insight on the role of AM
fungi Glomus on the bioaccumulation Cr and Pb by mesquite plants (Prosopis sp.). Five
species of Glomus (G. clarum, G. deserticola, G. etunicatum, G. intraradices, and G.
clarodium) were studied associated to mesquite. Mesquite is a desert tree/shrub that has
shown the ability to assimilate chromium at high concentration and to reduce Cr(VI) to
Cr(III) within tissues (Aldrich et al., 2004).
The main objective of this study was to determine the contribution of AM fungi
Glomus on the uptake and translocation of Pb and Cr by mesquite. This investigation also
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examined the physiological response of mesquite to Cr and Pb stress, including energetic
changes, expression of tolerance, and concentration of nutritional elements. Different
analytical techniques such as inductively coupled plasma optical emission spectrometer
(ICP-OES), transmission electron microscopy (TEM), electron scanning microprobe
microscopy (ESM), scanning transmission electron microscopy (STEM), ultraviolet–
visible spectroscopy (UV/VIS), Polymerase chain reaction (PCR) analysis, and
biochemical assays were used in this study.

1.4. Objectives
1.4.1. General Objectives:
I.

To determine Pb and Cr uptake and translocation capabilities by the symbiotic
associations between Glomus deserticola and the host plant mesquite

II.

To determine metabolic and distribution mechanisms of nutrients and metals
as a results of this plant-fungi association.

1.4.2. Specific Objectives:
I.

To determine the ability of Glomus spp. to grow in conditions with metals,
such as Cr(III), Cr(VI), and Pb(II) at different concentrations, and uptake
these metals.

II.

To determine the ability of mesquite to grow under hydroponics and soil
conditions with metals, such as Cr(III), Cr(VI), and Pb(II) at different
concentrations, and uptake these metals.

III.

To study the symbiotic association between mesquite and Glomus deserticola
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in the uptake and translocation of nutrients and metals such as Cr(III), Cr(VI),
and Pb(II) at different concentrations in hydroponic and soil conditions.
IV.

To determine metals distribution in root and stem ultrastructures of
mycorrhizal (plant with fungi) and non-mycorrhizal plants (plant without
fungi).

V.

To determine evapotranspiration and metabolic activity changes in
mycorrhizal and non-mycorrhizal plants because of exposure to metals such as
Pb-Cr at varied concentrations.

VI.

To determine the importance of the symbiotic interactions between mesquite
and G. deserticola in their role to remediate metals and restore metal impacted
areas.

1.5. Hypothesis
This investigation was performed under the hypothesis that mesquite will enhance
the uptake, translocation, and distribution of Pb and Cr as a result of the symbiotic
association with Glomus deserticola.
Plants have the capacity to resist high concentrations of metals without
undergoing toxic effects and some plants can exclude and change the elements to less
toxic metabolites by close interaction with bacteria and fungi. These interactions take
place at the rhizosphere level where higher concentration of exudates and enzymes are
produced building up a feasible growth environment for plants.
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CHAPTER 2

Cr Effects of Chromium(III), Chromium(VI) and Lead(II) on Growth and metal
Uptake by Five Glomus Species
Abstract
Several technologies have been developed to reclaim Cr and Pb contaminated sites.
Unfortunately, almost all current technologies are either costly, labor demanding, or
require considerable amounts of time. Reports indicate that microorganisms can be used
for restoring contaminated sites in a cost-effective and environmental friendly manner. In
this study, five species of Glomus (G. deserticola, G. intraradices, G. clarum, G.
etunicatum, and G. clarodium) were used to determine fungal growth, metal uptake
capabilities, and resilience potential. All the species were grown for 30 days in agarbased Murashige and Skoog nutrient medium contaminated with Cr(VI), Cr(III), and
Pb(II) at 40, 80, and 160 mg L-1. Results demonstrated that G. deserticola and G. clarum
had higher tolerance to Pb and Cr and demonstrated higher mycelia growth compared
with controls and other Glomus spp.. In addition, these species showed higher Cr and Pb
accumulation.

2.1. Background and Significance
Studies have revealed that microorganisms can be used to remediate soils contaminated
by heavy metals such as Cr and Pb. Most of the studies have been focused on
ectomycorrhizae (Brundrett et al., 2009), ericoid mycorrhizae (Brundrett et al., 2002;
Smith 1997) and vesicular-arbuscular mycorrhizae associations. Less attention has been
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given to the AM fungi. Species of the AM Glomus have the ability to grow and reproduce
in harsh conditions (Harrier et al., 2001). In addition, it has been shown that Glomus has
developed resistance to heavy metals (Chen et al., 2007; Malcová et al., 2003, Harrier et
al., 2001). Therefore, it is expected that these microorganisms must have a positive
impact on the host plant under environmental stress. The functions of Mycorrhizal fungi
and the concurrent physiological and ecological impact on a variety of plants in order to
determine

which

host

plants

provide

beneficial

symbiotic

relationships

for

phytoremediation in contaminated soils has been previously reported (Schreiner et al.,
2007).
In this study, five different Glomus spp., G. deserticola, G. intraradices, G. clarum, G.
etunicatum, and G. clarodium, were grown in agar medium and spiked with Cr and Pb
[Cr(III) [from (CrNO3)], Cr(VI) [from K2CrO4], and Pb [from Pb (NO3)2] at different
concentrations. This was done to (1) determine the effects of Cr and Pb on Glomus
growth, and (2) to determine possible differences among G. deserticola, G. intraradices,
G. clarum, G. etunicatum, and G. clarodium for Pb and Cr uptake. Glomus spp. were
grown in agar-based Murashige and Skoog (MS) nutritive medium with Pb and Cr
treatments at varying concentrations. At harvest, the growth, metal tolerance, and uptake
capabilities were evaluated. The metal uptake capacity was determined by using
inductively coupled plasma-optical emission spectroscopy (ICP-OES) and the tolerance
by mycelia growth inhibition.
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2.2. Methodology
2.2.1. Agar/MS Medium Preparation and Treatments
Agar-based MS medium was prepared following the methodology described by
Carrillo et al. (1998) and Murashige and Skoog (1962). The MS medium was spiked with
Cr(III) [from (CrNO3)], Cr(VI) [from K2CrO4], and Pb [from Pb (NO3)2] at 0, 10, 20,
40, 80 and 160 mg/L-1. The treatments were set in a completely random design and
analyzed using the one-way analysis of variance (ANOVA) with a linear model Yi = μ +
εi; i = 1, 2, 3 (Carrillo et al., 1998).

2.2.2. Glomus Species Inoculation
The inocula were prepared using five g of clay containing the spores of each Glomus sp
provided by Reforestation Technologies International Company (Salinas, CA, USA).
The clay was ground and diluted in 5 mL of sterilized deionized water (DI). The samples
were set in Petri dishes (10 x10). For each Petri dish, one drop (± 0.03 g) of the fungal
solution was set in the middle of the agar medium. Each Petri dish was sealed using
parafilm. After 30 days of incubation at 27°C, the area covered by mycelia was measured
to determine growth percentage (Figure 11).

.
Figure 11. Glomus spp. Inoculation
Samples set in Petri dishes (10x10 diameters). For each individual Petri dish, one drop (± 0.03 g) of the
diluted fungal solution were set in the middle of the agar medium.
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2.2.3. Glomus Growth and Uptake Method
After 30 days of incubation, the dishes were opened carefully under a laminar flow hood.
The mycelia growth was measured and the covered area was determined by A = Л r2
(Figure 12). For metal uptake determination the fungal growth was carefully extracted
from the agar medium avoiding agar intrusion and contamination. The fungi samples
were dried at 70°C for 72 h (Fisher Scientific Isotemp, Pittsburg, PA). They were then
weighed, and digested in a CEM microwave oven digestion system using 6 mL of trace
pure HNO3 (CEM Corporation Mathews, NC) following the EPA 3051 method. The
digested samples were analyzed using a Perkin Elmer 4300 DV inductively coupled
plasma optical emission spectrometer (ICP-OES, Perkin-Elmer, Shelton, CT). Some fresh
samples were saved for analysis by transmission electron microscopy (TEM). The results
were evaluated by one-way analysis of variance (ANOVA) using the Statistical Package
for the Social Sciences (SPSS, version 13.0, Chicago, IL).

Figure 12. Glomus Growth
Petri dishes containing the Glomus spp. Percentage measurements and calculations made using the
equation A = Л r2
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2.2.4. Transmission Electron Microscopy Analysis
For TEM observation, the procedure described by Bozzola and Russell (1999) and
Reynolds (1963) were followed. Tissue sample were embedded in plastic after fixation
with glutaraldehyde/paraformaldehyde and osmium tetroxide (OsO4). The fixed tissues
were cut by using an ultramicrotome and sections of 60 – 90 nm were obtained and
placed on 200 mesh copper grids.

2.2.5 Polymerase Chain Reaction (PCR) Analysis
For future experiments (hydroponics and soil experiments) involving mesquite exposed
to Cr(III), Cr(VI), and Pb, a PCR analysis was performed.
For the RNA absorbance phase; 100 mg of mesquite sample were used. The sample was
placed in 15 mL vials and grinded carefully until reaching homogenization. An aliquot of
1 mL of triagent was added to the sample to break cells and degrade plants proteins. The
sample was incubated for 5 min at room temperature (27oC) and centrifuged (1200 rpm
at 4oC) for 10 min. The sample was then transferred to three sterilized vials and 3 mL of
diethylpyrocarbonate (DEPC) and H2O were added. The mixture was then homogenized
for 5 min (QIAGEN Protocol 2006; Triagent Protocol 1995).
RNA separation phase; after 5 min, 0.5 mL of chloroform (dissolve RNA) were added to
the homogenized solution and agitated vigorously for 5 min. The sample was left at room
temperature (27oC) for 15 min and centrifuged (12000 rpm at 4oC) for 15 min (QIAGEN
2006). RNA precipitation phase; after 15 min, the aqueous phases was separated (top
RNA and bottom DNA) and RNA excess removed carefully without disturbing the cell-
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debris (DNA). To precipitate the sample, 0.5 µl of isopropanol were added to the solution
and slowly agitated and left for 10 min at room temperature. The sample was centrifuged
(12000 rpm at 4oC) for 15 min and the supernatant was separated leaving the precipitate
at the bottom (DNA). Five µl of 75% ethanol were added and centrifuged (7.5 rpm at
4oC) for 5 min. The supernatant (alcohol) was removed and 100 µl of DEPC H2O were
added to the solution (DNA) and left for 24 h at room temperature (QIAGEN 2006).
DNA purification phase; 20 µl of genomic buffer RQ1 DNase (purification) were added
to the solution (DNA) and slowly mixed together. Slowly, 10 µl of enzyme DNAse
(break RNAse) were added and mixed. DEPC H2O (70 µl) were added and mixed, left
for 30 min at 37oC for incubation, centrifuged (13000 rpm at 4oC) for 10 min.
Supernatant was separated and 200 µl of chloroform was added (precipitation) and
centrifuged for 10 min. Sodium acetate (20 µl) and ethanol 100% (660 µl) were added to
the solution and centrifuged (13000 rpm at 4oC) for 15 minutes. The supernatant was
removed and 600 µl of absolute ethanol 75% were added and homogenized (QIAGEN
2006). PCR phase; after sample homogenization, 2 µl of the sample were separated and
mixed with 198 µl DEPC H2O, 10 µl buffer, 2 µl dNTPs, 0.5 RNA, and 1 µl reverse
transcript solution. The sample was then placed in vials in the spectrometer (260 nm).
Samples were incubated for 1 h at 37oC and 30 min at 95oC to denature enzymes that
copy genes. Then it was transferred and frozen. Gel electrophoresis Phase; 3.5 µl of
6xDNA dye (to produce fluorescent identification of DNA) were added to thawed
samples, mixed together, and placed in gel for 45 min (TRI Reagent 1995). Primer
phase; primers (Genosis 1442 Lake from Circle Woodlands, TX) of G. deserticola, G.
intraradices, G. clarum, and G. clarodium were thawed and 200 µl of TRIS-HCl (pH
21

7.5) were added, mixed together and placed in gel for 45 min.

2.3 Results and Discussion
2.3.1 Mycellia Growth Determination
Figure 13 shows that all Glomus species were able to grow in media treated with
Cr(III), Cr(VI), and Pb(II) at 0, 10, 20, 40, 80, and 160 mg L-1. As seen in Figure 13a, G.
clarum and G. clarodium showed higher percentage of growth at 10, 20, and 40 mg/L-1,
but at 80 and 160 mg/L-1 G. clarum and G. deserticola had a higher percentage of growth
(Figure 13b). It is important to point out that Cr(VI) showed a high degree of toxicity at
20 ppm and above. Figure 13c showed that all Glomus species had similar growth in the
Pb treatments as the one showed in the Cr(III) treatments.

At the highest Pb

concentration, G. deserticola showed the highest percent of growth, which justified the
selection of this species for future studies. These results corroborated previous reports
about the ability of Glomus to grow in harsh environments (Harrier et al., 2001). As
expected, toxic effects of Cr(VI) were higher compared to Pb and Cr(III). This was most
likely due to the higher toxicity of Cr(VI) (Urrutia et al., 2008).

2.3.2. Pb and Cr Uptake by Glomus
Figure 14 shows the concentration of Cr and Pb in dry biomass of Glomus spp.
grown in the Cr(III), Cr(VI) and Pb contaminated media. As seen in Figure 14a, the
concentration of Cr in the biomass (from Cr(III) treatments) increased as the external Cr
increased. All species had similar absorption capacity, except G. intraradices that showed
the lowest amount. The Cr concentration in mycelia from the Cr(VI) treatments is shown
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in Figure 15b. As seen in this figure, the absorption of Cr from Cr(VI) was significantly
higher compared to the absorption from Cr(III). This is probably the reason why Cr(VI)
showed a great degree of toxicity. Due to this the uptake of Cr form Cr(VI) was only
evaluated in treatments containing between 10 to 40 mg L-1 of Cr(VI). At this Cr(VI)
concentration, G. deserticola demonstrated the highest Cr concentration in mycelia.
Figure 14c shows the concentration of Pb found in species grown in the Pb treatments. At
the highest Pb concentration (160 mg L-1) G. clarun and G. deserticola showed the
highest Pb accumulation in mycelia. These results suggested that G. deserticola could
have better potential for future experiments (Arias et al., 2009). Report indicate that G.
deserticola like other Glomus species exudes enzymes that immobilize metals allowing
better absorption capabilities (Mehrotra 2005; Lingua et al., 2008).
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Figure 13. Percentage growth of Glomus Hyphae Glomus clarum ( ), deserticola ( ), etunicatum ( ),
intraradices ( ), clarodium ( ) treated for 30 d in MS agar with a) chromium(VI), chromium(III), and lead
at 0, 10, 20, 40, 80, and 160 mg L-1 . Error bars stand for SE.
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( ), etunicatum ( ), intraradices ( ), clarodium ( ) treated for 30 d in MS agar with a) chromium(VI),
chromium(III), and lead at 0, 10, 20, 40, 80, and 160 mg L-1 . Error bars stand for SE.
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2.3.3 Transmission Electron Microscopy Analysis
Transmission electron micrographs of metal treated tissues are shown in Figure
15 (a-c). As seem in Figures 15 (a-c), metal treated samples showed black aggregates,
which may represent metal accumulation. These black formations were located near
vacuoles and hyphal cell walls. Abnormal formations were observed in Cr treated
samples, which could be due to chromium toxicity. TEM studies allowed understanding
the distribution of metals within Glomus tissues (Marques et al., 2007)..
a
b
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v
v
ab

ab

v
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cy

Figure 15. Glomus spp. Transmission electron microscopy (TEM) was used to determine difference
between Glomus growth in contaminated and uncontaminated media. a. Glomus contaminated b.Glomus
contaminated c. Glomus contaminated. V=vacuole, ab=arbuscular formations, and cy=cytoplasm. Arrows
show possible metals formations.

2.3.4 Polymerase Chain Reaction (PCR) Analysis
PCR analysis demonstrated that the existence of genomic DNA of Glomus spp. in
Mesquite (Prosopis spp.) seeds was 0 percent. These results reduced the possibility of
having an error due to the natural occurrence of Glomus spp. in Mesquite to 0 percent.
This guarantees the artificial inoculation of Glomus in Mesquite under control conditions
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(Fig. 16). Looking at the bands on the gel electrophoresis results showed that Mesquite
DNA solution did not show DNA amplification reactions that were similar to Glomus
spp. DNA primers, which were used as control samples. Gel electrophoresis analysis did
not show bands that could be correlated to Glomus spp..

Figure 16. Polymerase Chain Reaction (PCR) Analysis. Three runs were applied (run A, B,
and C). 1 = G. deserticola, 2 = G. clarum, 3 = G. intraradices, 4 = G. clarodium
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2.4. Conclusions
G. deserticola is a reasonable candidate for future experiments involving Cr(III), Cr(VI),
and Pb. This species showed better growth and accumulated the most Cr and Pb in
tissues. The PCR results demonstrated that G. deserticola was not present in mesquite
seeds used in this study. This was the species selected for mesquite inoculation in
hydroponic and soil experiments.
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CHAPTER 3

Effects of Glomus deserticola inoculation on Prosopis: Enhancing Chromium and
Lead Uptake and Translocation as Confirmed by X-ray Mapping, ICP-OES
and TEM Techniques

Abstract
Arbuscular mycorrhizal (AM) fungi contribute to plant growth, mediating the uptake of mineral
elements. In polluted areas, AM also binds toxic heavy metals to roots. In this study, mesquite
plants (Prosopis sp.) associated with Glomus deserticola, were treated for 15 days (in
hydroponics) with lead at 0, 10, 50, or 100 mgL-1, and chromium(III) and (VI) at 0, 20, 40, 75, or
125mgCr L-1. All Cr ion concentrations and the highest Pb concentration reduced shoot size
compared to the control. Toxic effects (yellowish leaves, leaf decay) were observed after seven
treatment days. However, Pb and Cr(III) treated plants recovered upon conclusion of
experimental period. Total amylase activity in leaves increased upon the addition of Pb and Cr.
The inductively coupled plasma-optical emission spectroscopy results showed that plants treated
with Pb at 50mgL-1 accumulated in roots, stems, and leaves: 61947, 9584, and 478 mg Pb kg-1;
whereas plants treated with Cr(III) and Cr(VI) at 125mgL-1 accumulated 28815, 6055, and 647;
and 13767, 5010, and 2530mgCr kg-1. The transmission electron microscopy (TEM) micrographs
showed the presence of G. deserticola within roots. X-ray mapping demonstrated higher Cr and
Pb deposition in xylem and phloem cells. Results suggest that G. deserticola improves metal
tolerance/accumulation in mesquite.
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3.1. Introduction
Chromium (Cr) and lead (Pb) are widely distributed in nature. However, human activities have
raised the concentration of these elements to dangerous levels in a number of sites around the
world.Chromium exists in several oxidation states, but the trivalent [Cr(III)] and hexavalent
[Cr(VI)] are the most stable and abundant forms in the environment (Chandra and Kulshreshtha,
2004; Rai et al., 2007). Lead is found in nature complexed with organic matter, adsorbed on
clays and oxides, and precipitated as carbonates, hydroxides and phosphates (Epstein et al.,
1999). At low concentrations, Cr(III) is considered essential while Cr(VI) is toxic and
carcinogenic for animals and humans. However, neither Cr(III) nor Cr(VI) has known functions
in plants (James, 1996). In humans, excessive Cr may produce ulcers, allergic dermatitis, lung
cancer, renal insufficiency, or liver necrosis (Srivastava et al., 2002). Chromium is used for
leather tanning, paints, corrosion inhibition, chrome plating, steel production, and wood
preservation. In the presence of manganese oxide excess, Cr(III) oxidizes into Cr(VI), which is
more soluble in water and more toxic than other Cr forms (Dai et al., 2009). In animals, lead has
no known function in metabolic processes and is toxic even when absorbed in small amounts
(Peralta-Videa et al., 2009). In humans, lead toxicity affects the skin, internal organs, the nervous
system, and may cause sterility and mental retardation (Peralta-Videa et al., 2009). Lead
contamination is produced by mining, smelting, burning of fossil fuels, and the manufacture of
pesticides and fertilizers (Hu and Zhang, 2005). Chromium(III) and lead persist in the
environment due to their low solubility and bioavailability, which changes when the pH is
greater than 4.5. Chromium(VI) exists predominantly at a pH greater than 6 (Bartlett, 1988). In
general, the availability of Cr and Pb depends on their oxidation state, pH, and complexation
(Bartlett and James, 1983). Studies have demonstrated that both Cr spp., as well as Pb reduce
plant growth; alter enzymatic activity, and mineral nutrition (Shanker et al., 2005; Lopez et al.,
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2005 & 2007). One of the enzymes altered by Cr and Pb toxicity is amylase (Lopez et al., 2007).
The U.S. EPA has recommended and often enforced different techniques, including physical and
chemical methods, for the restoration and management of areas contaminated with heavy metals
(Mulligan et al., 2001). However, these techniques are often expensive, labor consuming, soil
disturbing and improper for large areas (Chaney et al., 1997). In the last three decades it has been
documented that plants and associated microorganisms could be considered a harmless option to
remove heavy metals excess from polluted sites (Horne, 2000; Fischerova et al., 2006).
However, the response of desert plants associated with arbuscular mycorrhizal (AM) fungi under
exposure to chromium and lead has not been reported. Mesquite is a fast proliferating shrub that
grows in seemingly harsh conditions such as heavy metals in soil and water scarcity. It produces
large biomass, is a source of stock food, and is used for erosion control (Jeffrey and March,
1995). Sinha (1999) and Fischerova et al. (2006) have reported that tree spp. can uptake high
amounts of metals, produce greater biomass, and are easier to harvest and manipulate compared
to shrubs and herbs. The ability of Prosopis sp., Salsola kali, and Convolvulus arvensis to uptake
Cr and Pb has been previously reported (Jeffrey and March, 1995; Aldrich et al., 2003; de la
Rosa et al., 2005; Montes-Holguin et al., 2006). However, to our knowledge, the accumulation of
Cr and Pb by mesquite associated with arbuscular mycorrhizal (AM) fungi has not been studied.
In this association, the fungus contributes to plant health through active nutrient absorption and
resistance against pathogen attacks (Rufyikiri et al., 2002). In turn, the host plant releases
metabolites critical for the fungal growth and development (Tawaraya et al., 1996). Furthermore,
studies have demonstrated that the symbiotic interaction between plants and AM fungi has an
effect on the tolerance and uptake of heavy metals, but little is known about it (Anderson et al.,
1995). To the knowledge of the authors, there are no reports on the effect of AM fungi on
enzyme activity in mesquite. In order to obtain insight about the metabolic state of mesquite
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associated with endomycorrhizal fungi, in response to Cr and Pb stress, total amylolitic activity
(TAA) was assayed in leaves at the end of the experimental period. The objectives of the present
work were to determine the response of mesquite plants associated with the AM fungus Glomus
deserticola under Cr and Pb stress by measuring the growth of plants, elemental absorption,
metal distribution and deposition, and total amylase activity (TAA). The working hypothesis was
that the AM fungi would either increase the mesquite tolerance to Cr and Pb toxicity or increase
the uptake of both toxic elements. Plants were treated with 0-125 mg L-1 of Cr(III) or Cr(VI), and
with 0-100mg L-1 of Pb in hydroponics. Instrumental techniques utilized included inductively
coupled plasma/optical emission spectroscopy (ICP-OES), electron scanning microprobe
microscopy (ESM), transmission electron microscopy (TEM), scanning transmission electron
microscopy (STEM), and ultraviolet–visible spectroscopy (UV/VIS) to determine the element
concentrations, metal distribution and deposition, and the amylase activity.

3.2. Materials and methods
3.2.1. Seed Germination, Fungal Inoculation, and Treatment Application
Mesquite (Prosopis sp.) seeds were obtained from Wild Seeds (Tempe, Arizona). Before
performing an experiment, the seeds were sterilized in commercial sodium hypochlorite solution
[diluted to 4% with sterilized deionized water (DI)] for 30 min and rinsed three times with
sterilized DI. For germination, the seeds were placed in sterilized paper towels dampened with
Murashige and Skoog nutrient solution as described by Carrillo-Castaneda et al. (2005). Five
grams of clay containing the G. deserticola spores provided by Reforestation Technologies
International (RTI) (Salinas, CA) were ground and diluted in 5mL of DI. An aliquot of 1mL of
the fungal–clay solution was added to the seeds in each paper towel. When the radicle–hypocotyl
axis (the axial part below cotyledons) and the G. deserticola mycelia appeared (5 days),
38

seedlings were placed in 400mL capacity Mason jars containing the MS nutrient solution in an
ENVIRCO laminar flow hood (Environmental Air Control, Albuquerque, NM). In this
experiment, Cr(III) [from (CrNO3)], Cr(VI) [from K2CrO4], and Pb [from Pb (NO3)2] (Sigma–
Aldrich, St. Louis, MO) were used. The Cr ions were used at 0, 20, 40, 75, and 125mgL−1 and Pb
at 0, 5, 10, 50, and 100 mg L-1. These concentrations were selected based on previous studies
performed in our research group without AM fungi (Aldrich et al., 2003, 2004). Three replicates
(15 seedlings each) were used for each metal ion concentration. The glassware and DI were
sterilized at 120 oC and a pressure of 1.25 kg cm-2 for 45 min to avoid fungal and microbial
contamination (Market Forge, Albertville, MN). The jars containing the seedlings with the
respective treatments were set for 15 days at 27 oC, 12 h photoperiod, and light output of moles
m-2 s-1.

3.2.2. Plant Growth and Elemental Absorption
Fifteen days after treatment application, the seedlings were removed from the growth medium,
washed with 0.01M HNO3 and rinsed with DI to eliminate metal deposited on the root and
hyphal surfaces. Subsequently, 10 seedlings per treatment were randomly selected and measured
to determine the size of the plants. The plants and associated hyphae were separated into roots,
stems, and leaves, oven dried at 70 ◦C for 2 days (Fisher Scientific Isotemp, Pittsburg, PA),
weighed and digested using 6mL of trace pure HNO3 (SCP Science, New York, NY). The
digestion was performed in a CEM microwave oven (CEM Corporation Mathews, NC) at 125 oC
for 30min following the EPA 3051 method (Kingston and Jassie, 1998). Afterward, 2mL of the
digested samples were adjusted to 10mL with DI and analyzed for Pb and Cr concentrations
using an ICP-OES (Perkin Elmer Optima 4300 DV, Perkin Elmer, Shelton, CT). The operation
parameters of the ICP-OES were: nebulizer flow, 1.00 L min-1; radio frequency power, 1400W;
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peristaltic pump flow rate 1.50 mL min-1; flush time, 30 s; delay time, 30 s; read time, 20 s;
replicates, 3; wash rate, 1.50; wash time, 30 s.

The instrument was calibrated from 0.005 to 0.5 mg L-1 for both metals and the wavelengths
were 405.781 and 357.869nm for Pb and Cr, respectively. The calibration curves obtained had
correlation coefficients of 0.9999 or greater for all ICP determinations. The instrument accuracy
was verified every 10 samples with a sample spiked with known concentrations of Pb and Cr.
The concentration of metals in each sample was determined using the mean of triplicate readings
and the standard error was calculated for each sample value.

3.2.3. Total Amylase Activity Determination
The total amylase activity assay was performed as described by Fuwa (1954). Briefly, 0.1-0.2 g
of fresh leaves were ground and extracted with 2m Mimidazole buffer solution. The buffer
solution at pH 7.0 was used to prepare a 10% extract solution which was centrifuged for 15 min
at 14 000rpm at −4oC (Eppendorf 5417R, Westbury, NY). An aliquot of 400 µL of the
supernatant was placed in a 2mL Eppendorf tube containing 700 µL of starch solution at 1% and
25 ◦C. To establish the linearity of the reaction with time, the reactionwas stopped by adding 150
µL from the mixture into tubes containing 200 µL of cold trichloroacetic acid at 0, 20, 40, 60,
and 80 min. The samples were centrifuged and 30 µL of the supernatant were transferred to
microplate wells containing 300 µL of iodine reagent. After 1 h at 25◦C, the samples and the
respective standards were placed in a microplate reader and analyzed at 660 nm using a UV/VIS
spectrometer (SpectraMax Plus 384, Sunnyvale, CA). The TAA was calculated using the slope
of the calibration curve, sample slopes, dilution factor, and the weight of the biomass.
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3.2.4. Statistical Analysis
The jars were arranged in a completely random design with three replicates per treatment. The
data were analyzed using a one way analysis of variance performed with the statistical package
for social sciences version 13.0 (SPSS, Chicago, IL). A Tukey’s honestly significant difference
(HSD) test was used to separate treatment means. The reference to significant differences
between data is based on a probability of p < 0.05, unless otherwise noted.

3.2.5. Cryosectioning of Plant Samples for Electron Microprobe Analysis
The cryosectioning of mesquite root and stem was performed using a minotome plus (Triangle
Biomedical Sciences, Durham, NC). Root and stem segments of 1 cm long were placed in water
and later fixed on sample holder using Tissue Tek (Sakura Finetek USA, Inc., Torrance, CA),
frozen at −40 ◦C and sectioned at −20 ◦C.Frozen samples were dissected (8_m thick) and
mounted onto glass microprobe slides. The slides were then stored at room temperature until
microprobe analysis. The electron probe micro analyzer (EPMA) has a camera SX50 (New
York, NY) with four wavelength dispersive detectors. The Back Scattered Electron (BSE) root
and stem images were acquired at 15 kV, 20 nA, and focused beam condition. The dull time was
set at 3 ms and the definition of the image at 512×512 pixels. The raster length was set based on
the diameter of each cross-section of the plant (not showin the images). The elemental X-ray
maps were also collected at 15 kV and 20 nA. The qualitative mode (identification of the
elements present in a given sample) was used to collect the peak scan spectrum. Three crystals,
LIF-PET-TAP, were selected on three spectrometers to cover the largest number of elements
(from F to U) on the periodic table. The collected spectra were interpreted by the (PETcrystal)
quali peak identification mode and re-plotted in Excel.
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3.2.6. Transmission Electron Microscopy
Samples of 1 mm3 were fixed in 2.0% (wt/vol) paraformaldehyde and 2.5% (v/v) glutaraldehyde
in 0.12M Millong’s phosphate buffer pH 7.4 for 1 h at room temperature. Specimens were
washed 3 times for 15min each with cold 0.06M phosphate buffer and then post-fixedwith 1%
(wt/v) osmiumtetroxide, 0.05M potassium ferricyanide in 0.12M phosphate buffer for 1 h in the
refrigerator (−8 ◦C). Specimens were then washed in 0.06M phosphate buffer followed by 3
times 15min washes with distilled water and then block stained overnight in the refrigerator with
0.5% (wt/v) aqueous uranyl acetate. Specimens were then dehydrated with ethanol and 100%
acetone and embedded in Poly Bed 812 plastic (Polysciences, Warrington, PA). Thick sections
(1mm) were stained with Toluidine Blue and Fuschin to determine suitable areas to be thin
sectioned with a Leica Ultracut ultramicrotome (60–90 nm). Thin sections were post-stained
with uranyl acetate followed by Reynolds lead citrate (Reynolds, 1963). Grids were examined
and photographed in a Zeiss EM-10 transmission electron microscope (Carl Zeiss Co.,
Thornwood, N.Y) operating at an accelerating voltage of 60 or 80 kV.

3.3. Results and discussion
3.3.1. Plant Growth
The growth of mesquite plants inoculated with G. deserticola and treated with Cr or Pb at
different concentrations is shown in Fig. 17(a–c). Toxic effects (yellowish leaves and leaf decay)
were observed after 7 days, mainly in plants treated with Cr(VI). Mild effects were observed on
Pb and Cr(III) treated plants which recovered by the end of the experimental period. As seen in
Fig. 17(a and b), plants treated with Cr(III) and Cr(VI) were significantly shorter compared to
control plants. However, plants treated with Cr(VI) at 20mg L-1 had significantly longer roots
compared to the roots of plants treated with 40, 75, and 125mg L-1; while no differences were
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observed among plants exposed to Cr(III) concentrations. Only the highest Pb concentration
(100mg L-1) significantly inhibited root elongation (Fig. 17c). In the case of Cr(III), the growth
of plants depicted a perceptible U form that could be explained by the presence of the hormesis
phenomenon (higher reduction at low concentration, 40% at 40mg L-1and 30% at 125mg L-1)
(Calabrese and Baldwin, 2001). Reports indicate that Cr inhibits root cell division/root
elongation in many plants (Athar and Ahmad, 2002). A general justification for the decrease in
plant growth could be the inhibition of plant cell division and a direct impact of Cr and Pb on
cellular metabolic activity (Lopez et al., 2005). The response of mesquite to Cr and Pb was
similar to the results reported for Triticum aestivum and other crops plants (Athar and Ahmad,
2002; Lopez et al., 2005). More studies are needed to explore the response to Cr(VI) at 20mg L-1.
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Figure 17. Average length of mesquite roots ( ), and stems ( ) treated for 15 days in hydroponics with (a)
chromium(VI) at 0, 20, 40, 75, and 125mgL−1, (b) chromium(III) at 0, 20, 40, 75, and 125mgL−1, and (c) lead at 0,
5, 10, 50, and 100mgL−1. Uppercase letters stand for significant differences (p < 0.05) between treatments for the
same tissue. Lowercase letters indicate significant differences (p < 0.05) between tissues of the same treatment.
Error bars stand for SE.
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3.3.2. Absorption of Cr and Pb by Mesquite Plants Inoculated with G. deserticola
The concentrations of Cr and Pb in the dry mass from the plant tissues vs. the concentrations of
heavy metals in the media are shown in Fig. 18(a–f). In all cases, the amount of Cr and Pb in
roots was higher compared to stems and leaves. As shown in Fig. 18a, the accumulation in roots
of Cr(VI) was concentration dependent with a linear increase described by the equation Y =
3261x + 718.7 and a correlation coefficient r2 = 0.995. In the case of Cr(III) (Fig. 18c), the
accumulation in roots also showed a linear increase described by Y = 2697.6x + 14729 with a
correlation coefficient of r2 = 0.977. However, the amount of Cr accumulated in roots from
Cr(III) treatments was almost double compared to the accumulation from Cr(VI). Although the
plants were acid washed before digestion, it is possible that some Cr(III) was adsorbed to the
root surface, which could explain the Cr concentration trend. The concentration of Pb in roots
(Fig. 18e) increased as the exogenous Pb increased, but the uptake was exponential instead of
linear, with an equation Y = 6073e0.7394x and a correlation coefficient r2 = 0.9943. The difference in the trend of accumulation between Cr and Pb could be the due to several factors, but
the data gathered (Table 3) suggest that the competition for Mg uptake at root level could be the
most important. As shown in Table 3, in roots the reduction trend in Mg uptake is similar to the
accumulation trend of Pb. The accumulation of Cr in mesquite roots, without AM, for external
concentrations of 75 and 125mg Cr(VI) L-1 were 7636±2463 and 10983±1642, respectively
(Aldrich et al., 2003, 2004). The results demonstrated an increment in Cr accumulation of about
25% more in roots of plants associated with AM compared with control. In the case of Pb, plants
treated with 50mg L-1 and associated with AM accumulated approximately 60 000mgPb kg-1 in
roots, while the reported accumulation without AM was 89 935 mgPb kg-1. This result cannot be
explained at this time. Important differences were observed in translocation. As shown in the
right side of Fig. 18(b, d and f), the translocation from Cr(VI) to stems and leaves increased in a
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concentration dependent manner modeled by an exponential curve with r2 = 0.989 and 0.986,
respectively when AM was present. Plants treated with Cr(VI) at 125mgL-1 and AM had
concentrations of 5000 and 2600mg Cr kg-1 in stems and leaves, respectively, while the reported
translocation in plants without AM was 2263mg kg-1 to stems and 992mg kg-1 to leaves (Aldrich
et al., 2004). In comparison to Cr(VI), the translocation of Cr(III) was higher in stems but lower
in leaves (Fig. 18d). In the case of Pb and AM, the highest translocation was found in 50 ppm Pb
(16% to stems and 1% to leaves), which was significantly higher compared to the translocation
reported for plants grown without AM (4% to stems and 0.04% to leaves) (Aldrich et al., 2004).
The lower Cr(III) translocation to leaves could be explained by the fast formation of hydroxides
in roots and stems(Brabander et al., 1999; Cervantes et al., 2001).. The low translocation of Pb
compared to Cr could be due to the fact that Cr has been found associated with the early growth
of xylem vessels while Pb tends to disseminate throughout the entire xylem (Brabander et al.,
1999; Cervantes et al., 2001). Results for Cr(III) were similar to the results reported for Genipa
americana (Barbosa et al., 2007); however, more plant uptake analyses are needed to explain the
accumulation trend of Pb in stems and leaves. Fig. 19 shows a comparison between
cryosectioned mesquite roots and stems with back-scattered electron images compared to the Xray mapping of chromium and lead. In general, Cr concentrations found in mesquite plants
associated with G. deserticola were more than two times higher compared to the concentrations
reported for mesquite plants grown in similar conditions without AM (Aldrich et al., 2003). In
the case of Pb, the accumulation in roots was higher in plants treated with 50mg Pb without AM
(Aldrich et al., 2004), but the translocation to stems and leaves was higher in plants associated
with AM.
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Figure 18. Concentration of chromium and lead in mesquite roots ( ), stems (_), and leaves ( ) treated for 15
days in hydroponics with (a and b) chromium(VI) at 20, 40, 75, and 125mgL−1, (c and d) chromium(III) at 0, 20,
40, 75, and 125mgL−1, and (e and f) lead at 5, 10, 50, and 100mgL−1. Uppercase letters indicate significant
differences (p < 0.05) between treatments for the same tissue. Lowercase letters indicate significant differences (p <
0.05) between tissues of the same treatment. Error bars stand for SE.
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3.3.3. Cr and Pb Distribution in Mesquite and Associated G. deserticola
The EPMA BSE and X-ray images of mesquite roots and stems of plants associated with G.
deserticola and treated with Cr(VI) and Pb(II) are shown in Fig. 19(a-c). The intensity of the
spots showed on the X-ray scanned images corresponds to the amount of metal concentrated in
tissues. The X-ray analysis showed higher Cr and Pb deposition in xylem and phloem structures.
In addition, Fig. 19(b and c) shows spectra corresponding to the crystal PET and verifies the
presence of metals in root and stem tissues. BES and X-ray images showed larger deposition of
Cr and Pb in roots compared with stems. These images confirmed the higher Cr and Pb
accumulation in cell walls which is probably produced by the accumulation in the fungal hyphae
and mesquite cells (Aldrich et al., 2003; Fischerova et al., 2006; Scoccianti et al., 2006). Fig. 19b
and c, shows that the image of Cr treated plants is brighter compared to Pb. As explained above,
this could be due to fact that Cr has been found associated with the early growth of xylem vessels
while Pb tends to disseminate throughout the entire xylem (Brabander et al., 1999; Cervantes et
al., 2001).
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Figure 19. Back scattered images and X-ray mapping of mesquite roots and stems treated for 15 days in
hydroponics with (a) control, (b) chromium(VI) at 125mgL−1, and (c) lead at 100mgL−1. Brighter spots in images
indicate metal presence in mesquite tissue.

3.3.4. Effects of Cr and Pb on the Total Amylase Activity (TAA) of Leaves
The metabolic state of mesquite associated to AM fungi, in response to Cr and Pb stress, total
amylolitic activity (TAA) was assayed in leaves at the end of the experimental period. As seen in
Fig. 20(a and b) both Cr(VI) and Pb significantly increased TAA; however, the increasing trend
was different. In all plants treated with Cr(VI), TAA significantly increased compared to control
plants. However, the activity decreased as the concentration of the external Cr increased, but
even at the highest Cr(VI) concentrations, TAA was higher compared to the control (Fig. 20a).
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The reduction in TAA could be due to the increase in Cr concentration in tissues that reduced the
response capacity of the plants. In plants treated with Cr(III), TAA showed amoderate increase at
75 and 125mgL-1. On the other hand, in plants treated with Pb, TAA increased with the
increasing concentrations of the external Pb, but at lower rate compared with Cr(VI) (Fig. 20b).
The differential response could be explained by the highest Cr translocation from Cr(VI)
treatments. To deal with the toxicity produced by the high Cr concentration, the plants require
more energy, which could explain the increasing trend in TAA found in Cr(VI) treated plants
(Lopez et al., 2005, 2007). The lower Pb translocation could also explain the increasing rate in
TAA observed in Pb treated plants (Fig. 20c) (Epstein et al., 1999; Cervantes et al., 2001; Lopez
et al., 2007).
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Figure 20. Total amylase activity of mesquite leaves treated for 15 days in hydroponics with a) chromium(III)
( ) and chromium(VI) ( ) at 0, 20, 40, 75, and 125mgL−1, and (b) lead ( ) at 0, 5, 10, 50, and 100mgL−1.
Uppercase letters indicate significant differences (p < 0.05) between treatments. Lowercase letters indicate
significant differences (p < 0.05) between Cr(III) and Cr(VI) for the same treatment. Error bars stand for SE.

3.3.5. Transmission Electron Microscopy
The following specimens were examined and photographed in the Zeiss EM-10 transmission
electron microscope (Analytical Cytology Core Facility, Biological Sciences): (1) mesquite root
control with G. deserticola, (2) mesquite root with Glomus and 40 ppm lead, (3) mesquite root
with 20 ppm chromium, (4) mesquite root with 40 ppm Cr(III) and(VI), (5) mesquite root with
40 ppm chromium and EDTA, (6) mesquite stem control with Glomus , (7) mesquite stem with
40 ppm lead, (8) mesquite stem with 40 ppm chromium, (9) G. deserticola growing on agar, (10)
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Glomus

with lead and (11) Glomus

with chromium. The endomycorrhizal fungus, G.

deserticola, was observed in both the root (Fig. 21 and stem samples of mesquite (Fig. 22). Thin
sections were photographed with and without the post-stain uranyl acetate and lead citrate to
look for heavy metal deposits within the cells of the mesquite roots and stems. G. deserticola
was found within and without the epidermal cells. The fungus was also found within and
between cortex parenchymal cells and collenchymal cells. The membranes of parenchymal cells
were found to be distorted in the controls and in the experimental plants. This may be associated
with growing the plants in hydroponic solution. Similar results have been reported with Solanum
nigrum grown associated with AMin zinc-enriched medium. In this spp. Glomus increased the
uptake of Zn and themain deposits of this element were found in the intercellular spaces and in
the cell walls of the root tissues (Marques et al., 2007). Some dark precipitates were observed in
cells of roots and stems that were not post-stained as well as those which were post-stained.
Thicker plastic sections (100–200 nm) obtained from the same capsule surfaces as the thin
sections (60-90 nm) were examined in the Hitachi 5000 STEM microscope (Materials and
Metallurgical Engineering). More studies are needed to determine the nature of these dark spots.
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a

b

c

Figure 21. Transmission electron micrographs of mesquite root. (a) Cross-sections, of Glomus (arrow) in
epidermal cells of Prosopis sp. root (×3200); (b) Glomus Hyphae (arrow) within parenchymal cells of the root
cortex (×3000); (c) cross-section of the xylem containing 40ppm chromium (×3200). Scale bars: 4_m (a); 4_m (b);
4_m (c).
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a

b

c

Figure 22. Transmission electron micrographs of mesquite stem. (a) Cross-section of stem control xylem cells
(×3000); (b) lead (40ppm treatment) appears to be localized as dark spots (arrows) on the parenchymal cell wall, as
well as, in the cytoplasm (×2000); (c) Glomus -infected mesquite stem parenchymal cells with 40ppm chromium.
The additional contrast and black precipitate within vacuoles (circled) is thought to be due to the chromium (×2000).
Scale bars: 4_m(a); 6_m(b); 6_m (c).
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3.3.6. Absorption of Macro and Microelements
The concentration of macroelements (magnesium, calcium, phosphorus, and sulfur) and
microelements (manganese, zinc, copper, iron and molybdenum) did not show a clear trend
(Tables 2 and 3). Table 2 shows that in roots the accumulation of sulfur was reduced by all of the
Cr and Pb concentrations; magnesium was reduced by both Cr ions and the highest Pb
concentration; and no changes were observed in calcium accumulation by either Cr or Pb.
However, the accumulation of phosphorus increased by all Cr(III) concentrations and the highest
Pb concentration. In stems, no clear trend was observed of the phosphorus accumulation. In
addition, none of the treatments affected the accumulation of sulfur; magnesium was reduced by
Cr(VI) at all concentrations and calcium was reduced by the first three concentrations of Cr(VI).
The highest concentrations of Cr(III) and Pb(II) also reduced the accumulation of calcium and
magnesium in stems. On the other hand, none of the treatments affected the accumulation of
macro elements in leaves, except for sulfur that was reduced in all metal treated plants. The
micronutrient accumulation was differentially affected by both Cr ions and Pb (Table 3). For
instance, in roots the accumulation of Zn was significantly reduced by all metal treatments, Cu
was reduced by Cr(III) at 75 and 125mg L-1, but almost all treatments increased the accumulation
of Fe. In addition, all treatments, except Cr(III) at 20 and 40mg L-1, reduced the accumulation of
Mo, while the accumulation of Mn was reduced by all treatments except by Pb at

5 and 10

mg L-1. In stems, Cr(VI) at 40, 75, and 125mg L-1, Cr(III) at 20mg L-1 and Pb at 10, 50, and
100mg L-1 increased the accumulation of Cu. Chromium(III) at 20 and 40mgL−1, and Pb at
10mg L−1 increased Fe accumulation, while Cr(VI) at 125mg L-1 and Pb at 5mg L-1 increased
the accumulation of Mn. In leaves, Cu accumulation was increased by Cr(III) at 20mgL-1 and Pb
at 5mg L-1, but Zn was reduced by all treatments except by 448 Pb at 5 and 10mg L-1. In
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addition, Pb at 5mg L-1 and Cr(VI) at 75 and 125mg L-1 increased the accumulation of Fe and
Mo, respectively. It has been reported elsewhere that heavy metals such as Cr and Pb reduce the
uptake of nutritional elements (Cervantes et al., 2001; Rai et al., 2007). In addition, researchers
have also found that AM fungi increased nutrients absorption through an interchange between
the fungi and plant cells (Anderson et al., 1993; Cervantes et al., 2001; Carrillo-Castaneda et al.,
2005).
This investigation has shown that Cr and Pb accumulated the most in xylem and phloem cells of
mesquite. The results also suggested that G. deserticola could improve the metal
tolerance/accumulation of mesquite. Although the results seem to confirm the hypothesis that
AM fungi increased the uptake and tolerance of mesquite to Cr and Pb, a mechanism for the
beneficial effects of endomycorrhizal fungi within mesquite plants remains to be elucidated.
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Table 2. Concentration of macronutrients in mesquite plants grown for 15 days in hydroponics with G. deserticola
and chromium(III), chromium(VI) or lead(II). Numbers are average±SE. Lowercase letters indicate differences
between treatments (p < 0.05).
Treatment (mg L-1)
ROOT

Concentration (mg kg-1)
Mg

Ca

3275 ± 1.7 a

1798 ± 2 a

10291 ± 1.3 a

9034 ± 1.3 a

Cr(VI) 20

1773 ± 389 bc

2637 ± 485 ab

6823 ± 950 b

7430 ± 1509 a

40

1941 ± 47 b

4061 ± 114c

7323 ± 436 b

8664 ± 229 a

75

1086 ± 33 cd

3708 ± 106 bc

5960 ± 242 b

7017 ± 156 a

125

828 ± 108 d

3698 ± 137 bc

5434 ± 175 b

6229 ± 396 a

Cr(III) 20

2236 ± 18 ab
2461 ± 233 ab
1655 ± 84 a

7488 ± 175 b
7805 ± 338 b
7920 ± 682 b

12668 ± 676 b
12809 ± 270 b
10684 ± 98 b

Control

S

P

75

2142 ± 179 b
2061 ± 292 b
1611 ± 223 b

125

1558 ± 54 b

1618 ± 13 a

7150 ± 352 b

10047 ± 244 b

Pb(II) 5

3576 ± 53 a
3355 ± 388 a

2612 ± 136 ab
2091 ± 226 ab

7869 ± 674 b
6866 ± 446 b

9655 ± 399 ab
8209 ± 510 a

2731 ± 97 ab
1870 ± 254 b

2160 ± 72 ab
981±210 a

7111 ± 109 b
7939 ± 252 b

8287 ± 198 a
10026 ± 429 b

40

10
50
100
STEM

Mg

Ca

S

P

3681± 1 a

7135 ± 1.7 a

6042 ± 1

10707±2 a

Cr(VI) 20

2940 ± 169 b

3930 ± 426 b

8165 ± 354

10426±352 a

40

2909 ± 10 b

4546 ± 392 b

8199 ± 985

10333±191 a

75
125

2508 ± 190 b

5638 ± 472 b

8210 ± 364

9825±266 ab

7218 ± 781 a
4772 ± 759 b
4601 ± 163 b

7904 ± 1152

40

2653 ± 186 b
3229 ± 211 a
3259 ± 36 a

9142±481 b
10560±736 a
11367±345 a

75

2914±120 b

2886±178 c

8654±992

9451±311 b

125

4276±133 b
5712 ± 692 b

7822±284

Pb(II) 5

2702±45 b
3709 ± 246 a

7007 ± 473

9951±389 ab
10553±359 a

10

3647± 239 a

6299 ± 472 ab

7549 ± 385

10078±144 ab

50
100

3540 ± 207 a

4994 ± 426 b

6689 ± 316

10011±667 ab

2823± 158 b
Mg

3706 ± 412 c
Ca

7693 ± 699

8945±120 b
P

Control

Cr(III) 20

LEAF

6795±419
8262±882

S

4613 ± 1

9560 ± 1.7

12093 ± 1.3 a

11373 ± 1.7

Cr(VI) 20

4761 ± 208

7440 ± 340

8623 ± 335 b

11714 ± 385

40
75

5369 ± 241

9174 ± 181

9004 ± 541 b

12844 ± 368

4923 ± 217

8192 ± 754

11853 ± 755
11811 ± 978
11477 ± 132

Control

125

4848 ± 392

8895 ± 618

85163 ± 730 b
9440 ± 646 b

Cr(III) 20

4159 ± 458

8089 ± 1337

9333 ± 729 b

40
75

3719 ± 119

7150 ± 454

8477 ± 1342 b

10762 ± 343

4304 ± 186

9020 ± 682

10310 ± 979
11564 ± 682
11467 ± 1467

125

4331 ± 228

7096 ± 1332

7621 ± 519 b
9088 ± 689 b

Pb(II) 5

4154 ± 222

7631 ± 931

8395 ± 392 b

10
50

4165 ± 384

7545 ± 1314

8772 ± 161 b

11064 ± 740

4741 ± 358

8801 ± 1358

7341 ± 391 b

100

4542 ± 347

8720 ± 746

9839 ± 1415 ab

10421 ± 991
11554 ± 1010
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Table 3. Concentration of micronutrients in mesquite plants grown for 15 days in hydroponics with G. deserticola
and chromium(III), chromium(VI) or lead(II). Numbers are average±SE. Lowercase letters indicate differences
between treatments (p < 0.05).
Treatment (mg L-1)
ROOT
Control
Cr(VI) 20
40

Mn
56 ±2 a
19 ± 7 c
37 ± 0.88 b

Concentration (mg kg-1)
Zn
Cu
Fe
244 ± 1 a
67±0.3 a
568 ± 2.7a
85 ± 25 b
83±34 a
905 ± 247b
64 ± 0.7 b
79±10 a
1718 ± 250 d

Mo
60 ± 0.3a
20 ± 5b
26 ± 2b

75
125
Cr(III) 20
40
75
125
Pb(II) 5
10

40 ± 3 b
39 ± 4 b
27 ± 2 b
25 ± 1 b
11 ± 1 c
15 ± 2 c
61 ± 11 a
60 ± 5 a

19 ± 2 d
47 ± 35 c
52 ± 2 c
29 ± 27 d
108 ± 14 b
135 ± 17 b
108 ± 34 b
106 ± 17 b

101±10 ab
99±10 b

2173 ±58 d
1804 ± 278 d
922 ± 85 b
892 ± 47 b
638 ± 158 a
744 ± 117 b
1008 ± 86 c
1541 ± 29 d

20 ± 2b
13 ± 2c
79 ± 5a
71 ± 3a
51 ± 6b
53 ± 3b
112 ± 3d
34 ± 3b

50
100
STEM

38 ± 2 b
25 ± 2 b
Mn

102 ± 10 b
87 ± 5 b
Zn

76±23 a
49±17 b
Cu

1830 ± 81 d
1033 ± 249 c
Fe

31 ± 10b
54 ± 7b
Mo

Control
Cr(VI) 20
40

12 ± 0.7 a
18 ± 2 b
15 ± 1 a

220 ± 1 a
110 ± 8 b
105 ± 11 b

10 ± 0.3 a
15 ± 1 b
20 ± 1 c

93 ± 0.3 a
109 ± 6 a
97 ± 11 a

4 ± 0.7
1±0
2±1

75
125
Cr(III) 20

14 ± 3 a
23 ± 3 c
9±1a

72 ± 6 c
57 ± 26 c
71 ± 3 c

22 ± 0 c
22±2 c
34±14 c

105 ± 4 a
128 ± 13 b
151 ± 22 c

4±2
4±1
6±2

40
75
125
Pb(II) 5
10

12 ± 2 a
9 ± 0.33 a
10 ± 2 a
20 ± 5 c
10 ± 0.88 a

91 ± 19 b
73 ± 1 c
47 ± 4 c
112 ± 6 b
95 ± 3 b

5±2 a
15±0.33 b
15±3 b
16 ± 3 b
19 ± 3 c

182 ± 29 c
105 ± 9 a
97 ± 2 a
84±13 a
147± 74 c

3±2
2±1
4±2
8±3
6±1

12± 0.88 a
9±2a

89 ± 2 b
65 ± 2 c

20 ± 4 c
21 ± 1 c

120 ± 3 b
102± 3 a

7±1
4±1

Mn
83 ±1
94 ± 1

Zn
128 ± 1 a
89 ± 6 b

Cu
9 ± 0.7 a
5±2a

Fe
149 ± 1.7 a
163 ± 17 a

Mo
2 ± 0.3 a
7±2b

118 ± 11
104 ± 9
101 ± 18

95 ± 14 b
80 ± 9 b
65 ± 8 c

10 ± 2 a
4±1 a
8±1 a

156 ± 18 a
169 ± 5 a
142 ± 7 a

5±3a
14 ± 2 b
11 ± 4 b

Cr(III) 20
40
75

72 ± 13
77 ± 17
99 ± 14

89 ± 20 b
74 ± 6 c
75 ± 7 c

22 ± 13 b
12 ± 3 a
9±1a

178 ± 29 a
192 ± 27 a
173 ± 37 a

3±2a
6±1a
6±1a

125
Pb(II) 5
10
50
100

92 ± 7
100 ± 13
84 ± 15
64 ± 4
55 ± 7

103 ± 2 a
101 ± 24 a
85 ± 9 b
87 ± 57 b
85 ± 23 b

8±3 a
15 ± 0.6 b
11 ± 1 a
3±2a
9±8a

178 ± 2 a
214 ± 44 b
149 ± 25 a
146 ± 16 a
151 ± 27 a

3±1a
6±4a
4±3a
4±3a
7±2a

50
100
LEAF
Control
Cr(VI) 20
40
75
125

61±4 a
60±6 a
101±11 a
73±14 ab
43±5 c
40±5 c
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CHAPTER 4

Corroboration of the Impact of Arbuscular Mycorrhizal Fungi and EDTA on Plant
Growth and Metal Distribution on Tissues of Prosopis Grown in Lead and Chromium
Contaminated Soil
Abstract
Arbuscular mycorrhizal fungi have been known to increase metal uptake in plants. In this study,
mesquite (Prosopis juliflora-velutina) inoculated with Glomus deserticola or amended with
EDTA were grown for 30 days in soil containing chromium(III), chromium(VI) or lead(II) at 0,
40, 80, and 160 mg L-1. Evapotranspiration and total amylase activity (TAA) were monitored as
stress indicators. Element concentrations and distribution in tissue were determined using ICPOES, electron scanning microprobe, and TEM. Inoculated Cr(VI) and Pb treated plants had in
roots 21% and 30% more Cr and 142% and 112% more Pb than uninoculated and EDTA treated
roots, respectively, at 80 ppm treatment. In the case of Cr(III), EDTA produced the highest Cr
accumulation in roots. TAA was higher in inoculated plants grown with Cr(III) at 80 and 160
ppm and Cr(VI) at 40 and 160 ppm, while evapotranspiration was higher in control plants
without/with fungus. TEM micrographs corroborated the presence of G. deserticola in roots and
stems and the X-ray mapping showed higher metal concentrations in the vascular system of
inoculated plants.
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4.1. Introduction
It has been documented that an excess of lead (Pb) or chromium (Cr) in soil and water poses
health risks for all living organisms (Gardea-Torresdey et al., 2004; Alan et al., 2007; Rekha et
al., 2007). There are a number of Pb and Cr impacted sites around the world, mostly linked with
improper dumping and storage of mine and industrial wastes (Superfund EPA 2009). Different
techniques including physical and chemical methods, have been applied for the restoration and
management of areas contaminated with Pb and Cr. One of the techniques has been the use of
chelating agents such as EDTA to solubilize soil metals facilitating their uptake by plants (Meers
et al., 2009). However, most of these techniques are expensive, labor consuming, soil disturbing,
and improper for large areas (French et al., 2009). In the last three decades, environmental
scientists have realized that plants and microorganisms can restore heavy metal contaminated
soil and water (Alvarez et al., 2006; Castillo-Michel eta al., 2009). In addition, researchers have
reported that the association of plants with arbuscular mycorrhizal (AM) fungi represents an
excellent option for soil restoration, water use efficiency, and management of metal enriched
sites(Alvarez et al., 2006; Khan et al., 2009; Malcová et al., 2003; Usman et al., 2009). Plantarbuscular mycorrhizal symbiosis is a very ancient association that includes more than 80% of
land plants and some Zygomycete (order Glomales) fungi (Harrier et al., 2001; Bonfante et al.,
2006). For instance, Lingua et al., (2008) reported that Populus alba Villafranca and Populus
nigra Jean Pourtet in association with an extraradical mycellial network of Glomus mosseae
(Gerd. and Nicol.) can uptake and translocate Zn, while Malcová et al., (2003) reported that
Nicotiana tabacum in association with Glomus intraradices can uptake and translocate Pb. In
the plant-fungus association, the AM fungi contribute to plant health as they improve water
draw, nutrition of the plant and, in most instances, the resistance against pathogen attacks
(Harrier et al., 2001; Bonfante et al., 2006). In turn, the host plant supplies sugars and carbon to
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the AM fungi (Jeffries et al., 2003; Brundrett et al., 2002).

Furthermore, studies have

demonstrated that the symbiotic interaction between plants and AM fungi improve tolerance and
uptake of heavy metals, but little is known about the mechanisms responsible (Usman et al.,
2009; Takács et al., 2001).
The uptake of Cr, Pb, and As by Prosopis sp. has been previously reported (Aldrich et al.,
2003-2004; Mokgalaka-Matlala et al., 2009; Arias et al., 2009). In addition, previous reports
indicated that mesquite cultivated in hydroponics with the AM fungi Glomus

deserticola

increased the uptake of Cr and Pb (Arias et al., 2009). Therefore, based on the hydroponics
results, in the present study, mesquite plants in association with G. deserticola were grown in
soil artificially contaminated with selected concentrations of Cr (III), Cr (VI) and Pb (II). A set
of treatments containing EDTA without G. deserticola was also set to compare the uptake using
both techniques. Metal uptake (Pb and Cr) as well as macro and micro elements were determined
by using inductively coupled plasma optical emission spectrometry (ICP-OES). Additionally,
auxiliary techniques including transmission electron microscopy (TEM) and x-ray mapping were
used to examine control and metal-treated plants. Total amylase activity and evapotranspiration
data were recorded as an indicative of stress.

4.2. Experimental Section
4.2.1. Soil Preparation, Sterilization, and Characterization
Uncontaminated loamy sand (82.59% sand, 16.59% silt and 0.81% clay) soil was
collected from a field site in the El Paso County. The soil had been used previously and not
metal contamination was detected (Rodríguez et al., 2006). Using a plastic shovel and containers,
uncontaminated soil samples were obtained from the top 30 cm and carefully placed in the
plastic containers. Soil samples were taken to the lab for sterilization and analysis,
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correspondingly. Samples were sieved using a 10 mm mesh sieve, and placed and wrapped in
aluminum foil packages of approximately 1 kg. Each package was autoclaved at 1.05 Kg cm-2
for 45 min at 120 °C to avoid fungi and microbial contamination. A representative
uncontaminated soil sample was analyzed for pH, organic matter, carbon content, nitrogen,
phosphorus, inorganic NO3 , Ca, Mg, SO4, Na, Zn, Cu, Fe, Mn, Mo, B, cation exchange capacity,
texture, and water holding capacity (Rodríguez, et al., 2006).

4.2.2. Soil Water Holding Capacity and Metal Stabilization
To determine the water holding capacity, 100 g of oven dried soil was gently placed in a
500 mL beaker and gradually watered until soil saturation was reach. Mass of the beaker, soil,
and water was recorded. Percentage of the water holding capacity was calculated dividing the
weight of the water held in the sample vs. the sample dry weight times 100. This was determined
to prevent leaching losses of nutrients and metals (Duniway et al., 2007).
Soil samples were dampened with full strength Murashige and Skoog (MS) nutrient
solution, and Cr(III) [from (CrNO3)] or Pb [from Pb (NO3)2] at 0, 40, 80, and 160 mg L-1 and
placed in a 500 mL capacity culture vessels for 30 d to allow metals stabilization. Every 4 days
the soil was carefully mixed to ensure uniform distribution of the nutrient solution and metals in
the soil medium. Chromium(VI) [from K2CrO4], was also used at 0, 40, 80, and 160 mg L-1 and
applied to the soil the same day of seedling sowing because Cr(VI) in soil tend to be reduced to
Cr(III) immediately.

4.2.3. Plant Germination, G. deserticola Inoculation, and Metal Treatments Application
Mesquite (Prosopis juliflora- velutina) seeds were obtained from Wild Seeds (Tempe,
Arizona, USA). For germination, the seeds were sterilized in 4% sodium hypochlorite solution
for 30 min, rinsed three times with sterilized deionized water (DI), and placed in sterilized paper
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towels dampened with MS solution as described by (Carrillo-Castañeda et al., 2005; Murashige
et al., 1962).
For fungus inoculation, five g of clay containing the G. deserticola spores provided by
Reforestation Technologies International Company (Salinas, CA, USA) were ground and diluted
in 5 ml of DI. An aliquot of 2 mL of the fungi-clay solution was added to the seeds in each
paper towel.
When the radicle-hypocotyl axis (the axial part below cotyledons) and the G. deserticola
mycelia appeared (5 d), seedlings were placed in a 1000 mL capacity duplex culture vessels
system (Magenta, Corp. Chicago, IL). The culture vessels and DI were previously sterilized at
120 °C and 1.25 kg cm-2 for 45 min to avoid fungal and microbial contamination (Market Forge
Industries, Albertville, MN, USA).
The upper vessel contained 400 g of soil contaminated with Cr(III), Cr(VI) or Pb and the
lower vessels contained 400 ml of MS nutritive solution. A capillary irrigation system (cotton
thread) maintained the humidity of the soil medium. The MS solution was replenished every 10
days for 30 days. The whole experimental set up included: (1) Control (plants with nutrient
solution), (2) plants with nutrient solution + G. deserticola, (3) plants + metals at 40, 80, and 160
ppm, (4) plants + metals + G. deserticola, and (5) plants + metals + EDTA. Each treatment had 5
replicates and each replicate had 15 seedlings. The ambient temperature was 27ºC, light/dark
cycle 12/12 h, and irradiation 53 μmolesm-2s-1. EDTA was used equimolar to Cr and Pb
concentrations.
4.2.4. Growth Determination, and Metal and Nutritive Elements Analysis
After 30 d of growth, the seedlings and AM hyphae were carefully harvested, washed
with 0.01 M HNO3, and rinsed with DI to eliminate metal deposited on the root and hyphae
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surface. Subsequently, 10 seedlings per treatment were randomly selected and measured to
determine the size of plants. The plants and associated hyphae were separated into roots, stems,
and leaves, oven dried at 70 °C for 2 days (Fisher Scientific Isotemp, Pittsburg, PA, USA),
weighed and digested using 6 mL of trace pure HNO3 (SCP Science, New York, NY, USA). The
digestion was performed in a CEM microwave oven (CEM Corporation Mathews, NC, USA) at
125 ºC for 30 min following the EPA 3051 method. Afterward, 2 mL of the digested samples
were adjusted to 10 mL with DI and analyzed for Pb, Cr, micro and macroelement
concentrations using inductively coupled plasma/optical emission spectroscopy (ICP-OES,
Optima 4300 DV (Perkin Elmer, Shelton, CT, USA). The operation parameters of the ICP-OES
were: nebulizer flow, 1.00 L min-1; power, 1400 W; peristaltic pump flow rate 1.50 mL min-1;
flush time, 30 s; delay time, 30 s; read time, 20 s; replicates, 3; wash rate, 1.50; wash time, 30 s.
The instrument was calibrated from 0.005 to 0.5 mg L-1 for both metals and the wavelength were
261.418 and 283.563 nm for Pb and Cr, respectively. The calibration curves obtained had
correlation coefficients of 0.9999 or greater for all ICP determinations. The instrument readings
accuracy was checked every 10 samples with a Pb and Cr spiked sample of known concentration.
The concentration of metals in each sample was determined using the mean of three readings; in
addition, the standard error was calculated for each sample value.

4.2.5. Cryosectioning of Plant Samples and Electron Microprobe Analysis
The cryosectioning of mesquite root and stem was performed as previously described
using a microtome plus (Triangle Biomedical Sciences, Durham, NC) (Arias et al., 2009).
Briefly, plant samples were dissected in 1 cm sections and placed in water. After that the samples
were fixed on sample holder with Tissue Tek (Sakura Finetek USA, Torrance, CA), frozen at -

65

40°C and sectioned at -20°C. Then, 8 μm thick samples were mounted onto glass microprobe
slides and stored at room temperature until microprobe analysis.
The electron probe micro analyzer (EPMA) has a Camera SX50 (New York, NY) with
four wavelength dispersive detectors. The back scattered electron (BSE) root and stem images
and the elemental x-ray maps were acquired at 15 kV, 20 nA, and focused beam condition. The
dull time was set as 3 ms and the definition of the image at 512 × 512 pixels to get better
resolution. The Cr and Pb elements were selected for 4 spectrometers and dull time was set at 20
ms. The peak scan spectrum were collected in qualitative mode (identification of the elements
present in a given sample), interpreted by Quali peak mode, and re-plotted in Excel. Three
crystals, LIF-PET-TAP, on three spectrometers were selected to cover the most elements (from F
to U).

4.2.6. Transmission Electron Microscopy Analysis
Samples were prepared using a glutaraldehyde-osmium tetroxide fixation as previously
described.[21] Specimens were then dehydrated and embedded in Poly Bed 812 (Polysciences,
Inc., Warrington, PA). Histological samples were obtained from thick sections (1 μm) that were
stained with Toluidine Blue and Fuschin. Ultrastructural analysis on thin sections post stained
followed by Reynolds lead citrate (Reynolds et al., 1963) were examined and photographed in a
Zeiss EM-10 transmission electron microscope (Thornwood, N.Y) at an accelerating voltage of
60 or 80 kV.

4.2.7. Evapotranspiration Analysis
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For the evapotranspiration analysis, only Cr(VI) at 40 ppm was selected. Eight
treatments, three replicate/treatment, were established: three controls [nutrient solution (NS), NS
plus Cr(VI), and NS plus Cr(VI) plus EDTA], NS with plants, NS with plants plus G.
deserticola, NS with plants plus Cr(VI), NS with plants plus G. deserticola plus Cr(VI), and NS
with plants plus EDTA and Cr(VI). Seedlings (15 each treatment) were placed in 24 Mason jars
of 500 mL capacity.

The jars were arranged according to the treatment and placed in

greenhouse conditions. Plants were exposed for 15 d to 27 ºC and a 12/12 h light/dark cycle with
a relative humidity of 40%. Evaporation was measured every five days to determine the
evapotranspiration rate (Chunjiang et al., 2008).

4.2.7. Statistical Analysis
The data were analyzed using a one-way analysis of variance (ANOVA) (SPSS version
13.0, Chicago, IL) and the Tukey honestly significant difference (HSD) test was used to separate
treatment means. The reference to significant differences between data is based on a probability
of P <0.05, unless otherwise noted.

4.3. Results and Discussion
4.3.1. Effect of G. deserticola on Mesquite Growth in Cr-Pb Contaminated Soil
During the growth period (30 days) qualitative observation of plant development and pH
measurements were done. During the first 17 days, seedlings showed changes in leaf color and
shape. Plants treated with Cr(VI) without G. deserticola showed more qualitative changes
compared with controls and Cr(III) and Pb-treated plants. Nonetheless, after 30 d, the plants
recovered in all treatments. Plants inoculated with G. deserticola showed higher recovery
compared to controls. This result could be due to a positive symbiotic association of G.
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deserticola with mesquite. This positive symbiotic relationship also alleviated metal toxicity and
helped maintain high plant biomass (Chen et al., 2007).
The soil pH showed low variations within treatments throughout the experiment. At the
end of experimental period, Cr(VI) treatments had pH values of 6.4, 5.75, and 4.41 for the 40, 80
and 160 ppm treatments, respectively. The pH values for the Cr(III) treatments were 6.58, 6.45,
6.0; while for the Pb treatments were 7.8, 7.2, and 7.1 for the 40, 80 and 160 ppm treatments,
respectively. It is hypothesized that these differences in pH values caused variations in the
uptake of some elements that will be discussed later on.
The growth of mesquite cultivated in soil spiked with Cr(III), Cr(VI), and Pb
without/with G. deserticola or EDTA is shown in Figure 23(a-c). In all cases, compared to
controls (no AM fungi, no metals), plants associated with G. deserticola had shorter roots,
perhaps due to competition for nutrient or mere physical interference; however, shoots and
leaves were not affected. In the case of Cr(III) and Pb treatments, plants had similar growth
patterns, but at 40 and 80 ppm without fungi, roots of Cr(III) treated plants were significantly
longer than Pb treated plants (Figure 23a, c). This could be due to the difference in metal
concentration at root level (Figure 24). As seen in Figure 24(a, c), the concentration of Pb in
roots was significantly higher compared to Cr concentrations, which could cause higher toxicity.
In all Pb and Cr(III) treatments, plants inoculated with G. deserticola had shorter roots, but the
differences at stem and leaf levels were not conspicuous (Figure 23a, c). An explanation for
these results could be the higher metal accumulation in plants grown with the AM fungus. The
addition of EDTA seems not to affect plant growth in Cr(III) treatments; however, at the highest
Pb concentration the leaves were larger compared to the other treatments. At this time we cannot
explain this result. In the case of Cr(VI) treatments, none of the concentrations (with/without AM
fungus or EDTA) reduced root and stem growth; however, at 80 ppm and above all treatment
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combinations significantly reduced leaf growth. This could be associated to the toxicity of
Cr(VI) at those concentrations, as has been shown by the increase in amylase activity of
mesquite plants treated with Cr(VI) (Arias et al., 2009).
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Figure 23. Average length of mesquite (Prosopis) roots ( ), stems ( ), and leaves ( ) of uninoculated
plants (P), inoculated with Glomus deserticola (F), or treated with EDTA and grown for 30 days in soil
contaminated with a) lead(II), b) chromium(VI), and c) chromium(III) at 0, 40, 80, and 160 mg L-1. Each datum is
average of 5 replicates ± SE.
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4.3.2. Absorption of Cr and Pb
The amounts of Cr and Pb in roots, stems, and leaves of mesquite plants grown
without/with AM fungi or EDTA in Cr(III), Cr(VI) or Pb contaminated soil are shown in Figure
24. In the case of Pb and Cr(VI), all plants associated to G. deserticola had higher metal
accumulation in roots, compared to uninoculated or EDTA treated plants. In both cases the
highest metal accumulation was found in roots of plants treated with 80 ppm (about 16 000 mg
Pb kg-1 dry weight and 8000 mg Cr kg-1 dry weight). In the Pb grown plants, stem metal
concentrations at 80 and 160 ppm were also significantly higher compared to EDTA and solo
metal treated plants. No concluding response was observed in leaves (Figure 24a). Usman and
Mohamed (Usman et al., 2009) reported that in corn and sunflower, EDTA produced higher Pb
uptake compared to the uptake obtained with Glomus mosseae. In the case of Cr(VI) treated
plants, at 160 ppm all treatments had significantly more Cr in stems compared to the 40 and 80
ppm treatments; however, stems of EDTA treated plants had lower Cr compared to G.
deserticola and solo metal treated plants. In addition, leaves of plants treated with Cr(VI) at 160
ppm without/with G. deserticola, had significantly more Cr compared to the other treatments
(Figure 24b). In grapevine, AM fungi increase elements uptake (Schreiner et al., 2007a;
Schreiner et al., 2007b) and in mesquite increase Cr and Pb uptake as well as the uptake and
translocation of nutrients such as Ca, Fe, and Mn (Table 5 and 10). The AM fungi could also
help to alleviate the Cr/Pb toxicity as indicated by the recovery and greater growth of mesquite
plants (Chen et al., 2007; Davies et al., 2002).
The uptake of Cr from Cr(III) treatments followed a different pattern. In all cases, EDTA
treated plants accumulated the most Cr in roots, followed by G. deserticola inoculated plants
(Figure 24c). However, the translocation to stems and leaves was lower compared to Cr(VI) and
Pb treated plants. It is hypothesized that the lower stability constant of the complex EDTA71

Cr(III) (32.3) allowed a higher uptake of Cr by the plants, while the higher stability constant of
Cr(III)-OH (47.8) favored the precipitation of Cr in the soil medium (Ko et al., 2009). The
contribution of G. deserticola in the translocation of Cr in the case of Cr(III) treatments can be
seen in the amount of metal found in stems and leaves of plants grown with this AM fungus
(Figure 24c). As seen in this figure, plants with G. deserticola had higher Cr concentration in
stems and also in leaves for the 40 and 160 ppm treatments. The role of AM fungi in the increase
and translocation of metals has been previously reported for Populus (Lingua et al., 2008) and N.
tabacum (Malcová et al., 2003).
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24. Concentration
of chromium and lead in mesquite (Prosopis) roots ( ), stems (
), and leaves
( ) of uninoculated plants (P), inoculated with Glomus deserticola (F), or treated with EDTA and grown for
30 days in soil contaminated with a) lead(II), b) chromium(VI), and c) chromium(III) at 0, 40, 80, and 160 mg
L-1. Each datum is average of 5 replicates ± SE.
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4.3.3. Absorption of Micro and Macro Nutrients
Microelement concentrations found in mesquite plants grown with/without G. deserticola
or EDTA and in Cr(III), Cr(VI) or Pb contaminated soil are shown in Tables 4-9 (Accessory
publication, AP). As seen in these tables, none of the treatments produced a definite trend in
microelements uptake. In the case of Pb treated soil, plants accumulated more Fe in roots and
stems in the treatments plants + fungus, and 80 ppm + fungus. In leaves, plants grown with 80
ppm Pb + fungus accumulated similar amount of Fe as control plants (649 and 743 mg kg-1 dry
weight, respectively), amounts that were numerically higher compared to the other treatments
(Table 4-5). In the case of Cr(VI), in roots Mn was reduced by all treatments, Cu was increased
by G. deserticola in the 40 ppm treatment and EDTA in the 160 ppm treatment. In stems, Mn
was increased by EDTA at the 160 ppm treatment while Mo was reduced by all Cr(VI)
treatments. In leaves, Mn was reduced at all treatment combinations, Zn was not affected, Fe was
increased at 160 ppm + G. deserticola and 40 ppm + EDTA treatments, and molybdenum was
reduced by all Cr(VI) concentrations (Table 6-7). In the case of Cr(III) treatments, at root level
only the 40 ppm + EDTA treatment increased the concentration of Mn, Zn, Cu, Fe, and Mo. No
effects were noted in stems and leaves except for the reduction of Fe in leaves at all Cr(III)
treatments and in plants + G. deserticola treatment (Table 8-9).
The data for macroelements Mg, Ca, S and P absorption are shown in Tables 5,7,9. As
shown in these tables, the Cr(III), Cr(VI) and Pb treatments differentially affected the
concentration of macroelements in roots, stems, and leaves of mesquite. In roots of Pb treated
plants, the most notorious effect was the accumulation Ca in the 80 ppm Pb + G. deserticola
treatment. Roots of these plants had 2.4 fold and 30% more Ca compared to controls and plants
associated to G. deserticola without Pb, respectively. No changes were observed in stems; while
in leaves the 80 ppm Pb + G. deserticola increased the concentration of Mg, Ca, S, and P by
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120%, 100%, 130%, and 101% respectively (Table 5). In Cr(VI) treated plants, the absorption of
Ca in roots was increased by all treatments compared to the universal control (just nutrient
solution added). No conspicuous changes were observed in Mg, S and P absorption and no
changes were observed in stems. While in leaves, all Cr(VI) treatments (without/with G.
deserticola or EDTA) increased Mg accumulation; however, all EDTA-Cr(VI) treatments and 80
and 160 ppm of Cr(VI) + G. deserticola reduced Ca accumulation (Table 7).
Cr(III) affected the most the absorption of macroelements. All plants inoculated with G.
deserticola and plants grown in EDTA amended soil showed an increased in Mg accumulation in
roots, but no significant changes were observed in stems. In leaves, all treatments involving G.
deserticola and EDTA increased Mg accumulation; however, all Cr(III) treatments (without/with
G. deserticola or EDTA) significantly reduced Ca, S, and P accumulation (Table 9). The variety
of responses in micronutrient uptake has no single explanation. Reports indicate that heavy
metals increase nutrient absorption in plants associated with AM fungi or when EDTA is applied
to solubilized heavy metal compounds (Lopez et al., 2007; Leyval et al., 1997). Other
researchers reported that Pb blocks the uptake of Ca, Mg and P in certain plants, but apparently
EDTA reduces the negative effect of Pb (Lopez et al., 2007). In addition, the increase and
reduction of nutrient uptake by Cr has been previously reported. Chromium increased the uptake
of Ca in Salsola kali (Gardea-Torresdey et al., 2005) but reduced the absorption of Mn in bush
bean (Wallace et al., 1976). Ca has an important role in the preservation of plant homeostasis,
thus plants increase Ca uptake as a detoxification strategy (James et al., 1984). It has been
documented that G. deserticola improves plant nutritional status, sensitivity, uptake and
translocation efficiency, and metal tolerance (Stribley et al., 1980; Salami et al., 2005; Alan et
al., 2007). Results of the present research have shown that the AM fungus G. deserticola
increased the concentration of macronutrients in leaves of Cr(III), Cr(VI) and Pb treated plants.
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Table 4. Micronutrients concentration of mesquite root, stem, and leaf treated with lead (II) at 0, 40, 80, and 160

mg L-1 for 30 d in soil medium with the presence of G. deserticola and EDTA. Numbers are average ± standard
error (SE). Lower case letters indicate differences between treatments (p< 0.05).

Treatment (mg L-1)

Micro concentration (mg kg-1)

Mn

Zn

Cu

Fe

Mo

Control Plant
Plant + Fungi

1225 ± 174a

80 ± 2a

64 ± 1a

4199 ± 994a

29 ± 1a

69 ± 6a

71 ± 11a

6132 ± 153bc

24 ± 0af

Pb(II) 40 PLANT

1051 ± 249ab

80 ± 2a

101 ± 4ab

3703 ± 257ad

41 ± 1bc

80 PLANT
160 PLANT
Pb(II) 40 FUNGI

533 ± 111bc

86 ± 10ab

151 ± 16c

5546 ± 609abc

33 ± 3ab

1285 ± 232a

95 ± 5abc

69 ± 1a

2446 ± 250de

59 ± 3e

83 ± 1a

95 ± 4ab

2803 ± 186d

48 ± 2de

80 FUNGI
160 FUNGI
Pb(II) 40 EDTA
80 EDTA
160 EDTA

758 ± 115abc

90 ± 7ab

77 ± 2a

7039 ± 848c

34 ± 1ab

1265 ± 79a
1054 ± 98ab

82 ± 5a

108 ± 7abc

3286 ± 79d

51 ± 3de

84 ± 3ab
61 ± 2a

142 ± 40bc
110 ± 6abc

2404 ± 332d
4710 ± 394ab

45 ± 2cd
37 ± 1abc

66 ± 3a

89 ± 8a

2609 ± 268d

55 ± 3de

Mn

Zn

Cu

Fe

Mo

76 ± 9a

169 ± 18a

22 ± 1a

1110 ± 208a

27 ± 0a

119 ± 8a
88 ± 11a
133 ± 14a
74 ± 11a

136 ± 4abcd
156 ± 18ab
127 ± 7abcde
151 ± 18ab

22 ± 1ab
25 ± 2ab
34 ± 2abc
23 ± 2ab

1661 ± 99ab
1247 ± 163a
1658 ± 349ab
770 ± 157a

19 ± 0ad
30 ± 1ab
21 ± 1ad
32 ± 2ab

69 ± 17a
183 ± 7a
101 ± 32a
69 ± 6a

164 ± 8ab
126 ± 13abcde
115 ± 7bcde
143 ± 5abc

25 ± 1ab
26 ± 2ab
32 ± 5abc
26 ± 1ab

675 ± 33a
2782 ± 341abc
889 ± 18a
499 ± 25a

28 ± 2ab
20 ± 1ad
30 ± 2ab
30 ± 1ab

127 ± 15a
60 ± 6a

118 ± 9bcde
121 ± 7bcde

27 ± 1ab
35 ± 11abc

1722 ± 267ab
519 ± 65a

19 ± 1ad
31 ± 2b

ROOT

STEM
Control Plant
Plant + Fungi
Pb(II) 40 PLANT
80 PLANT
160 PLANT
Pb(II) 40 FUNGI
80 FUNGI
160 FUNGI
Pb(II) 40 EDTA
80 EDTA
160 EDTA

LEAF
Control Plant
Plant + Fungi
Pb(II) 40 PLANT
80 PLANT
160 PLANT
Pb(II) 40 FUNGI
80 FUNGI
160 FUNGI
Pb(II) 40 EDTA
80 EDTA
160 EDTA

713 ± 24ab

118 ± 251ab

529 ± 93bc
1195 ± 166ab

Mn

Zn

Cu

Fe

Mo

236 ± 5a

141 ± 6a

36 ± 1a

743 ± 249a

19 ± 0a

129 ± 2a
174 ± 10a
347 ± 14a
172 ± 5a

93 ± 4abcd
132 ± 3ab
255 ± 19d
148 ± 9a

25 ± 1a
40 ± 3a
69 ± 7ab
34 ± 2a

248 ± 38a
498 ± 28a
530 ± 25a
301 ± 21a

18 ± 3a
20 ± 0ab
42 ± 2ac
19 ± 1a

157 ± 10a

119 ± 1abc

31 ± 2a

302 ± 52a

20 ± 1a

135 ± 4a
202 ± 6a

114 ± 8abc
119 ± 9abc

27 ± 2a
26 ± 3a

649 ± 137a
233 ± 12a

18 ± 1a
19 ± 2a

136 ± 17a

85± 6bcd

30 ± 2a

229 ± 31a

17 ± 1a

164 ± 12a

99 ± 3abcd

36 ± 10a

299 ± 56a

17 ± 0a

146 ± 11a

132 ± 6ab

33 ± 1a

261 ± 17a

17 ± 1a
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Table 5. Macronutrients concentration of mesquite root, stem, and leaf treated with lead (II) at 0, 40, 80, and 160
mg L-1 for 30 d in soil medium with the presence of G. deserticola and EDTA. Numbers are average ± standard
error (SE). Lower case letters indicate differences between treatments (p< 0.05).
Treatment (mg L-1)

ROOT

Macro concentration (mg kg-1)

Mg

Ca

S

P

12697 ± 966a

13180 ± 3a

6738 ± 2a

23926 ± 1200abc

13938 ± 7ab

6951 ± 91a

16015 ± 18ab

18679 ± 21abc

7917 ± 560ab

Control Plant
Plant + Fungi

6658 ± 187a

Pb(II) 40 PLANT

5953 ± 594ad

80 PLANT
160 PLANT
Pb(II) 40 FUNGI

5205 ± 771ade

24302 ± 22abc

15889 ± 27abc

9475 ± 1457abcd

8034 ± 766b

16368 ± 9ab

22672 ± 32c

11738 ± 749abcde

13982 ± 10a

23272 ± 12c

9234 ± 827abcd

80 FUNGI
160 FUNGI
Pb(II) 40 EDTA
80 EDTA
160 EDTA

5792 ± 208ade

30401 ± 72bcd

16151 ± 5abc

8265 ± 1224abc

6883 ± 184a
6347 ± 315ad

14735 ± 12a

20703 ± 12abc

8522 ± 66bc

13167 ± 12a
19775 ± 2b

21543 ± 6bc
14316 ± 3b

9026 ± 257abc
7359 ± 308ab

14990 ± 8b

20568 ± 28abc

9262 ± 361abcd

Mg

Ca

S

P

5367 ± 187a

23252 ± 629a

12530 ± 997a

17411 ± 977a

3942 ± 296a
4882 ± 23a
3723 ± 419a
5018 ± 464a

20048 ± 1200a
21837 ± 1166a
21017 ± 2491a
22794 ± 1757a

11843 ± 853a
14615 ± 2233ab
11952 ± 1274a
14103 ± 1935ab

13636 ± 819abc
16733 ± 1855ab
15483 ± 315ab
16742 ± 952ab

5004 ± 28a
4205 ± 189a
4623 ± 367a
3942 ± 218a

20766 ± 1766a
22321 ± 1070a
20709 ± 925a
22276 ± 1890a

15038 ± 374abc
11980 ± 883a
13713 ± 1251ab
14657 ± 1320ab

15590 ± 365ab
12766 ± 1280abcd
14821 ± 1160ab
17256 ± 421ab

3623 ± 431a
3292 ± 63a

19993 ± 1802a
16206 ± 1418a

10232 ± 807a
14173 ± 247ab

13197 ± 803abcd
14728 ± 1507abc

STEM
Control Plant
Plant + Fungi
Pb(II) 40 PLANT
80 PLANT
160 PLANT
Pb(II) 40 FUNGI
80 FUNGI
160 FUNGI
Pb(II) 40 EDTA
80 EDTA
160 EDTA

LEAF
Control Plant
Plant + Fungi
Pb(II) 40 PLANT
80 PLANT
160 PLANT
Pb(II) 40 FUNGI
80 FUNGI
160 FUNGI
Pb(II) 40 EDTA
80 EDTA
160 EDTA

5366 ± 191ad

6492 ± 489a

4896 ± 104ade
5565 ± 236ade

Mg

Ca

S

P

5231 ± 112a

37381 ± 987a

18103 ± 146a

18592 ± 360a

4308 ± 211a
5759 ± 186b
11505 ± 936a
5448 ± 256a

26916 ± 638ade
41264 ± 867a
74664 ± 5107b
40504 ± 1574a

13521 ± 197ad
18761 ± 823a
41605 ± 2611b
18341 ± 863a

14178 ± 314ade
20356 ± 199a
37398 ± 3095b
18687 ± 1122a

5492 ± 206a

40199 ± 1254a

18965 ± 243a

20199 ± 911a

4696 ± 130a
4809 ± 309a

32833 ± 1481ad
34422 ± 3213ad

17552 ± 127ad
17097 ± 399ad

14792 ± 377ade
17496 ± 747ad

5059 ± 530a

37095 ± 2773a

15947 ± 1076ad

17832 ± 1144ad

4166 ± 130a

29312 ± 1067ade

15193 ± 297ad

13403 ± 731ade

5156 ± 146a

34494 ± 1069ad

17809 ± 1081ad

19403 ± 296a
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Table 6. Micronutrients concentration of mesquite root, stem, and leaf treated with chromium (VI) at 0, 40, 80,
and 160 mg L-1 for 30 d in soil medium with the presence of G. deserticola and EDTA. Numbers are average ±
standard error (SE). Lower case letters indicate differences between treatments (p< 0.05).
Treatment (mg L-1)

ROOT
Control Plant
Control Fungi

Micro concentration (mg kg-1)

Mn
1225 ± 174a
713 ± 24d

Zn

Cu

Fe

Mo

80 ± 2a

64 ± 1a

4199 ± 994a

29 ± 1a

69 ± 6a

71 ± 11a

6132 ± 153b

24 ± 0de

Cr(VI) 40 PLANT
80 PLANT
160 PLANT

710 ±117d

98 ± 12a

112 ± 12b

3049 ± 208ad

26 ± 0d

420 ±31e

51 ± 4a

144 ± 9bc

3817 ± 75a

28 ± 1ad

46 ± 4a

126 ± 16bc

3498 ± 203ad

22 ± 2de

Cr(VI) 40 FUNGI
80 FUNGI
160 FUNGI
Cr(VI) 40 EDTA
80 EDTA
160 EDTA

305 ± 64ef

55 ± 15a

207 ± 14d

5253 ± 278ab

35 ± 1b

315 ± 33ef
345 ± 35e

105 ± 12ab

160 ± 5c

5139 ± 115ab

34 ± 1b

48 ± 0a
37 ± 1a

198 ± 8d
171 ± 5cd

4483 ± 249ab
3993 ± 303a

32 ± 0ab
31 ± 0ab

31 ± 6a
78 ± 11a

130 ± 11bc
216 ± 7d

5867 ± 766ab
4877 ± 795ab

27 ± 1ad
31 ± 2ab

Mn

Zn

Cu

Fe

Mo

76 ± 9a
119 ± 8a
75 ± 13a
47 ± 2a

169 ± 18a
136 ± 4abc
170 ± 2a
167 ± 10a

22 ± 1a
22 ± 1a
29 ± 3ab
34 ± 1abc

1110 ± 208a
1661 ± 99ab
538 ± 72a
378 ± 65a

27 ± 0a
19 ± 0de
12 ± 1fg
11 ± 0fg

113 ± 12a
78 ± 20a
53 ± 8a
137 ± 18a

181 ± 9a
200 ± 20a
168 ± 2a
185 ± 7a

43 ± 5abc
45 ± 8abc
39 ± 2abc
61 ± 3bc

627 ± 54a
622 ± 167a
637 ± 119a
513 ± 97a

14 ± 0ef
10 ± 1fgh
12 ± 1fg
10 ± 1fgh

91 ± 10a
111± 2a
272 ± 24ab

177 ± 12a
163 ± 5ab
177 ± 2a

47 ± 3abc
41 ± 5abc
84 ± 3c

875 ± 169a
747 ± 76a
1370 ± 90ab

11 ± 0fgh
9 ± 0fgh
13 ± 1f

Mn

Zn

Cu

Fe

Mo

236 ± 5a
129 ± 2a
169 ± 9a
142 ± 9a

141 ± 6a
93 ± 4abc
152 ± 3a
138 ± 6ab

36 ± 1a
25 ± 1a
35 ± 2a
35 ± 3a

743 ± 249a
248 ± 38a
182 ± 12a
251 ± 31a

19 ± 0a
18 ± 3ab
6 ± 0de
7 ± 0de

176 ± 7a

154 ± 9a

34 ± 1a

320 ± 56a

6 ± 1e

141 ± 28a
113 ± 12a

197 ± 29a
130 ± 13ab

47 ± 8a
33 ± 1a

708 ± 417a
145 ± 7a

13 ± 0b
8 ± 0cde

85 ± 9a

122 ± 124ab

24 ± 5a

1821 ± 81ab

7 ± 0de

107 ± 10a

172 ± 16a

34 ± 4a

1403 ± 83ab

8 ± 1cde

103 ± 7a
109 ± 12a

152 ± 5a
169 ± 23a

38 ± 3a
36 ± 4a

311 ± 38a
764 ± 165a

8 ± 0cde
9 ± 1bcde

STEM
Control Plant
Control Fungi
Cr(VI) 40 PLANT
80 PLANT
160 PLANT
Cr(VI) 40 FUNGI
80 FUNGI
160 FUNGI
Cr(VI) 40 EDTA
80 EDTA
160 EDTA

LEAF
Control Plant
Control Fungi
Cr(VI) 40 PLANT
80 PLANT
160 PLANT
Cr(VI) 40 FUNGI
80 FUNGI
160 FUNGI
Cr(VI) 40 EDTA
80 EDTA
160 EDTA

754 ± 92d

266 ± 100ef
300 ± 32ef
343 ± 30ef
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Table 7. Macronutrients concentration of mesquite root, stem, and leaf treated with chromium (VI) at 0, 40, 80,
and 160 mg L-1 for 30 d in soil medium with the presence of G. deserticola and EDTA. Numbers are average ±
standard error (SE). Lower case letters indicate differences between treatments (p< 0.05).
Treatment (mg L-1)

ROOT
Control Plant
Control Fungi
Cr(VI) 40 PLANT
80 PLANT
160 PLANT
Cr(VI) 40 FUNGI
80 FUNGI
160 FUNGI
Cr(VI) 40 EDTA
80 EDTA
160 EDTA

STEM
Control PLANT
Control FUNGI
Cr(VI) 40 PLANT
80 PLANT
160 PLANT
Cr(VI) 40 FUNGI
80 FUNGI
160 FUNGI
Cr(VI) 40 EDTA
80 EDTA
160 EDTA

LEAF
Control Plant
Control Fungi
Cr(VI) 40 PLANT
80 PLANT
160 PLANT
Cr(VI) 40 FUNGI
80 FUNGI
160 FUNGI
Cr(VI) 40 EDTA
80 EDTA
160 EDTA

Macro concentration (mg kg-1)

Mg

Ca

S

P

12697 ± 966a

13180 ± 3a

6738 ± 2a

23926 ± 1200cde

13938 ± 7ab

6951 ± 91a

19787 ± 248bc

12912 ± 980a

9130 ± 594a

4157 ± 79abc

20326 ± 1742bcd

10941 ± 348ad

11677 ± 2572a

4984 ± 167abc

19274 ± 678abc

11215 ± 134ad

11508 ± 535a

3895 ± 49bc

28711 ± 324def

10118 ± 100ad

10418 ± 197a

4685 ± 731abc

31306 ± 1549f

11069 ± 2352ad

9844 ± 344a

3912 ± 297bc
2635 ± 139c

29923 ± 1372ef
30431 ± 1482f

10452 ± 1028ad
6871 ± 242d

10258 ± 253a
11137 ± 388a

3438 ± 293bc
3583 ± 266bc

29223 ± 1168def
32073 ± 1394f

7207 ± 212d
10149 ± 1126ad

11085 ± 558a
10454 ± 489a

Mg

Ca

S

P

5367 ± 187a
3942 ± 296ad
5959 ± 422ab
5043 ± 252ad

23252 ± 629a
20048 ± 1200a
17260 ± 850af
12955 ± 531f

12530 ± 997a
11843 ± 853ad
10403 ± 711ad
9753 ± 312ad

17411 ± 977a
13636 ± 819bcd
11752 ± 978cd
12367 ± 467cd

6109 ± 143ab
5918 ± 447ab
6117 ± 180ab
7354 ± 497abc

18689 ± 1479f
20814 ± 1925a
17803± 1251af
22751 ± 674a

11729 ± 263ad
11791 ± 344ad
12810 ± 143a
18380 ± 796ac

13267 ± 904bcd
15265 ± 986abc
14179 ± 268abc
16248 ± 578ab

9319 ± 491c
7049 ± 776abc
7522 ± 390abc

44845 ± 1129d
30019 ± 1471bc
37225 ± 1050c

16187 ± 1008abc
14036 ± 1188abc
15428 ± 1140abc

19675 ± 502a
15055 ± 1259bcd
15535 ± 364abc

Mg

Ca

S

P

5231 ± 112a
4308 ± 211a
8063 ± 541bcd
8009 ± 512bcd

37381 ± 987a
26916 ± 638bcd
24491 ± 232bcd
22932 ± 1254de

18103 ± 146a
13521 ± 197abc
11967 ± 449bc
11603 ± 357bc

18592 ± 360a
14178 ± 314bcde
12849 ± 514cde
12580 ± 617cde

9820 ± 703d

30310 ± 1399b

12649 ± 918bc

15045± 362abcd

9525 ± 1414cd
7037 ± 321abc

27609 ± 2034bcd
23465 ± 789cde

12443 ± 1340bc
13190 ± 504bc

16871 ± 764ab
11485 ± 610de

6822 ± 775abc

20186 ± 2317e

11959 ± 914bc

10944 ± 768e

8188 ± 17bcd

19350 ± 230e

15928 ± 1168ab

11852 ± 638cde

8262 ± 252bcd
8532 ± 298bcd

19543 ± 236e
16745 ± 642e

12798 ± 130bc
13324 ± 756bc

11596 ± 485de
14012 ± 387bcde

6658 ± 187a
5366 ± 191ab
5060 ± 482abc
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Table 8. Micronutrients concentration of mesquite root, stem, and leaf treated with chromium (III) at 0, 40, 80,
and 160 mg L-1 for 30 d in soil medium with the presence of G. deserticola and EDTA. Numbers are average ±
standard error (SE). Lower case letters indicate differences between treatments (p< 0.05).
Treatment (mg L-1)

ROOT
Control Plant
Control Fungi

Micro concentration (mg kg-1)

Mn

Zn

Cu

Fe

Mo

80 ± 2a

64 ± 1a

4199 ± 994a

29 ± 1a

69 ± 6a

71 ± 11a

6132 ± 153a

24 ± 0abcd

65 ± 6 a

78 ± 10 a

2269 ± 156ad

11 ± 1e

57± 3a

54 ± 6 a

4334 ± 553a

13 ± 2cde

65 ± 1a

60 ± 4 a

2093 ± 139ad

18 ± 2abcde

92 ± 20 ab

56 ± 4 a

2064 ± 240ad

11 ± 1e

77 ± 11 a

87 ± 14 a

4659 ± 405a

12 ± 1a

75 ± 5 b

100 ± 7 a

3856 ± 49ad

18 ± 2abcde

653 ± 98c

795 ± 50 b

43267 ± 3740b

103 ± 7ab

70 ± 9 a

104 ± 6 a

3363± 414ad

24 ± 1abc

92 ± 2ab

97 ± 5 a

2718 ± 68ad

13 ± 0cde

Mn

Zn

Cu

Fe

Mo

1225 ± 174a
713 ± 24ad

Cr(III) 40 PLANT
80 PLANT

915±155ad

160 PLANT

2028±52ab

Cr(III) 40 FUNGI
80 FUNGI

815 ±25ad

160 FUNGI

2250 ±93b

Cr(III) 40 EDTA

1422±55ab

1598±158ab
8767±805c

80 EDTA

1886 ±199ab

160 EDTA

1312 ±252a

STEM
Control Plant
Control Fungi

76 ± 9a

169 ± 18a

22 ± 1a

1110 ± 208a

27 ± 0a

119 ± 8a

136 ± 4ad

22 ± 1a

1661 ± 99a

19 ± 0abc

Cr(III) 40 PLANT

73 ± 6a

151 ± 8ad

23 ± 1a

365 ± 33a

17 ± 1abc

151 ± 9a

174 ± 9a

23 ± 1a

687 ± 67a

24 ± 6ab

160 PLANT
Cr(III) 40 FUNGI

112 ± 12a
60 ± 1a

156 ± 3ad
152 ± 5ad

32 ± 3abc
21 ± 1a

818 ± 178 a
562 ± 59a

21 ± 1abc
20 ± 1abc

80 FUNGI

140 ± 20a

174 ± 12a

26 ± 2ab

781 ± 78a

19 ± 1abc

160 FUNGI

171 ± 8a

119 ± 7ad

32 ± 1abc

954 ± 61a

19 ± 1abc

80 PLANT

Cr(III) 40 EDTA
80 EDTA
160 EDTA

73 ± 3a

191 ± 13a

29 ± 1ab

598 ± 24a

21 ± 1abc

127± 31a
102 ± 8a

170 ± 5a
142 ± 12ad

30 ± 2ab
49±4abcd

698 ± 19a
752 ± 93a

20 ± 2abc
19 ± 0abc

LEAF
Control Plant
Control Fungi

Mn

Zn

Cu

Fe

Mo

236 ± 5a
129 ± 2a

141 ± 6a
93 ± 4a

36 ± 1a
25 ± 1a

743 ± 249a
248 ± 38a

19 ± 0a
18 ± 3a

Cr(III) 40 PLANT

271 ± 6a

95 ± 6a

24 ± 0a

379 ± 21a

15 ± 2a

80 PLANT
160 PLANT
Cr(III) 40 FUNGI

256 ± 18a

104 ± 8a

23 ± 1a

386 ± 47a

16 ± 3a

331 ± 30ab

109 ± 13a

25 ± 3ab

419 ± 27a

13 ± 1a

315± 3a

85 ± 8a

27 ± 2a

487 ± 76a

16 ± 1a

80 FUNGI

362 ± 7ab

122 ± 5a

29 ± 1a

509 ± 27a

15 ± 1a

160 FUNGI
Cr(III) 40 EDTA
80 EDTA
160 EDTA

392 ± 12ab

105 ± 4a

28 ± 1a

472 ± 56a

14 ± 1a

292 ± 12a

97 ± 9a

27 ± 4a

404 ± 66 a

16 ± 2a

360 ± 35ab

115 ± 4a

32 ± 1a

591 ± 64a

15 ± 0a

306 ± 23a

122 ± 16a

27 ± 2a

267 ± 34a

11 ± 1a
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Table 9. Macronutrients concentration of mesquite root, stem, and leaf treated with chromium (III) at 0, 40, 80,
and 160 mg L-1 for 30 d in soil medium with the presence of G. deserticola and EDTA. Numbers are average ±
standard error (SE). Lower case letters indicate differences between treatments (p< 0.05).

Treatment (mg L-1)

Macro concentration (mg kg-1)

Ca

S

P

12697 ± 966a

13180 ± 3a

6738 ± 2a

23926 ± 1200abc

13938 ± 7a

6951 ± 91ab

11171 ± 854a

7116 ± 824a

4647 ± 544a

6473 ± 334a

8304 ± 263a

7145 ± 830a

4588 ± 327a

160 PLANT

7080 ± 282ab

7200 ± 311a

8724 ± 509a

5615 ± 521a

Cr(III) 40 FUNGI
80 FUNGI

11441 ± 899b

12224 ± 455a

6053 ± 226a

4463 ± 444a

9362 ± 562ab

12244 ± 605a

10454± 278a

6287 ± 226a

160 FUNGI

9975 ± 472ab

13362 ± 1005ab

9525 ± 520c

6798 ± 282a

114750 ± 3780c

147933 ± 12442d

72367 ± 8252b

48962 ± 327a

80 EDTA

9915± 933ab

13108 ± 533ab

11650 ± 1653a

6150 ± 488a

160 EDTA

9265 ± 1079ab

12076 ± 676a

9974 ± 854a

5811 ±181a

ROOT
Control Plant
Control Fungi
Cr(III) 40 PLANT
80 PLANT

Cr(III) 40 EDTA

Mg
6658 ± 187a
5366 ± 191ab
7380 ± 692ab

STEM
Control Plant
Control Fungi

Mg

Ca

S

P

5367 ± 187a

23252 ± 629a

12530 ± 997a

17411 ± 977a

3942 ± 296a

20048 ± 1200ad

11843 ± 853a

13636 ± 819b

Cr(III) 40 PLANT

4796 ± 104a

11468 ± 689ad

6750 ± 89a

9130 ± 594cde

80 PLANT

5608 ± 431ab

12469 ± 589ad

8449 ±507a

160 PLANT
Cr(III) 40 FUNGI

5795 ± 466 ab
6355 ±71ab

11087 ± 184ad
13198 ± 100ad

7396 ± 208a
6324 ± 261a

11677 ±
2572bc
11508 ± 535bc
10418 ± 197cd

80 FUNGI

5972 ± 545ab

14798 ± 967ad

6503 ± 422a

9844 ± 344cd

160 FUNGI

5827 ± 62ab

15588 ± 292ad

7589 ± 499a

10258 ± 253cd

6337 ± 483ab

15750 ± 1076ad

7258 ± 655a

11137 ± 388bc

6943 ± 280abc
5883 ± 197ab

17428 ± 1058ad
14221 ± 470ad

7791 ± 507a
6952 ± 478a

11085 ± 558bc
10454 ± 489cd

Cr(III) 40 EDTA
80 EDTA
160 EDTA

LEAF
Control Plant
Control Fungi

Mg

Ca

S

P

5231 ± 112a
4308 ± 211a

37381 ± 987a
26916 ± 638abcde

18103 ± 146a
13521 ± 197ab

18592 ± 360a `
14178 ± 314b

Cr(III) 40 PLANT

7380 ± 692ab

11171 ± 854 abcde

7116 ± 824b

4647 ± 544cde

80 PLANT
160 PLANT
Cr(III) 40 FUNGI

6473 ± 334ab

8304 ± 263abcdef

7145 ± 830b

4588 ± 327cd

7080 ± 282abc

7200 ± 311abcde

8724 ± 509b

5615 ± 521bc

11441 ± 899abc

12224 ± 455abc

6053 ± 226b

4463 ± 444cde

80 FUNGI

9362 ± 562abc

12244 ± 605ab

10454 ± 278b

6287 ± 226cd

160 FUNGI
Cr(III) 40 EDTA
80 EDTA
160 EDTA

9975 ± 472ab

13362 ± 1005abcdef

9525 ± 520b

6798 ± 282e

114750 ± 3780 abc

147933 ± 12442abcd

72367 ± 8252b

48962 ± 327cde

9915 ± 933abc

13108 ± 533ab

11650 ± 1653b

6150 ± 488cd

9265 ± 1079ab

12076 ± 676abcdef

9974 ± 854b

5811 ± 181de
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4.3.4. Distribution of Cr and Pb on Mesquite Tissues
Due to the similarity of the images, for the analysis of metal distribution in plants only Cr
(VI) and Pb treatments at the highest concentrations were selected. In addition, there are no
images of EDTA treated plants because it chelates more than one element, which makes
impossible for the instrument to differentiate. The back scattered images (BES) at 100, 50, and
20 µm of Cr and Pb on mesquite tissues without/with G. deserticola is shown in Figures 25-30.
The distribution of Cr in root (upper) and stem (lower) tissues without G. deserticola is shown in
Figures 25. As seen in Figure 25, without G. deserticola, Cr was evenly distributed through the
whole tissue, and as expected, more concentrated in roots. However, in plants inoculated with
this AM fungus, Cr was more concentrated around the vascular system in both root and stem
(Figure 26 and 27). In addition, the x-ray images showed that the amount of chromium in G.
deserticola inoculated plants was higher compared to uninoculated plants, corroborating the
uptake data shown in Figure 24.
The backscattered and x-ray images for Pb in tissues without/with G. deserticola are
shown in Figures 28-30. In uninoculated plants (Figure 28), Pb appeared evenly distributed
through the transversal section in both root and stem. However, in inoculated plants, Pb was
more concentrated around vascular tissues, mainly in phloem (Figures 29 and 30), which
corroborated that Pb and Cr are differentially distributed in plant tissues (Brabander et al., 1999).
A possible explanation for the higher concentration of metal around the vascular system is the
presence of the G. deserticola mycelia. Previous reports indicated that Glomus binds metals
through cell wall components, such as chitin, and pigments such as melanin (Hildebrandt et al.,
2007). It is important to point out that in stems; Pb was distributed through the transversal
section, presumable due to the distribution of the G. deserticola mycelia in the whole tissue
(Figure 34b).
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Cr BACK SCATTERED AND X-RAY IMAGES at 200 µm “MESQUITE”
ROOT CHROMIUM UPTAKE BACK SCATTERING IMAGE 200 µm

ROOT CHROMIUM UPTAKE X-RAY MAPPING 200 µm

Cr BACK SCATTERED AND X-RAY IMAGES at 200 µm “MESQUITE”
STEM CHROMIUM UPTAKE BACKSCATTERING IMAGE 200 µm

STEM CHROMIUM UPTAKE X-RAY MAPPING 200 µm

Figure 25. Back scattered images at 200 µm and X-ray mapping image at 200 µm of uninoculated mesquite
(Prosopis) roots (a) and stems (b) and treated with 40 ppm of chromium(VI) for 30 d in soil medium. Brighter spots
in X-ray mapping image at 200 µm indicate chromium occurrence in mesquite tissues.

83

Xylem

Epidermis

Cortex

Phloem

Xylem
Phloem
Endodermis
Xylem

Epidermis

Cortex

Phloem

Cr

Phloem

Cr
Endodermis

Cr

Cr

84

Cr

Xylem

Cortex

Phloem

Pith
Phloem
Epidermis

Cr
Cr
Cr

Figure 27. Back scattered images at 200, & 20 µm and X-ray mapping image at 20 µm of mesquite (Prosopis)
stems + fungus (Glomus deserticola) treated with chromium(VI) for 30 d in soil medium. Brighter spots in X-ray
mapping image at 20 µm indicate chromium metal occurrence in mesquite phloem structure.
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ROOT LEAD UPTAKE BACK SCATTERING IMAGE 200 µm

ROOT LEAD UPTAKE X-RAY MAPPING 200 µm

STEM LEAD UPTAKE BACKSCATTERING IMAGE 200 µm

STEM LEAD UPTAKE X-RAY MAPPING 200 µm

Figure 28. Back scattered images at 200 µm and X-ray mapping image at 200 µm of uninoculated mesquite
(Prosopis) roots (a) and stems (b) treated with lead(II) for 30 d in soil medium. Brighter spots in X-ray mapping
image at 200 µm indicate lead uniform occurrence in mesquite epidermis, cortex, endodermis, xylem, and phloem
structures.
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Figure 29. Back scattered images at 200, 100,
& 20 µm and X-ray mapping image at 200 & 20
µm of mesquite (Prosopis) roots + fungus (Glomus
deserticola) treated with lead(II) for 30 d in soil
medium. Brighter spots in X-ray mapping images
at 200 & 20 µm indicate lead metal occurrence in
mesquite epidermis, cortex, endodermis, xylem,
and phloem structures. Brighter spots are
predominant in phloem structures.
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4.3.5. Effects of Cr and Pb on the TAA of Mesquite with/without G. deserticola
Total amylolitic activity was evaluated in mesquite leaves as an indicative of changes in
metabolic state in plants gown with/without G. deserticola or EDTA in Cr(III), Cr(VI) or Pb
contaminated soil (Figure 31). As shown in Figure 31, at 40 ppm treatment only plants treated
with Cr(VI) and G. deserticola had conspicuous changes in TAA. At 80 ppm, Cr(VI) and(III)
treated plants presented inverse responses (Figure 31a, b), while no changes were observed in Pb
treated plants with/without G. deserticola (Figure 31c). At this metal concentration, the amylase
activity was lower in the presence of the fungus in Cr(VI) treated plants and higher in Cr(III)
treated plants (Figure 10a, b). The differential response could be attributed to differences in
metal uptake. As seen in Figure 24, Cr uptake from the 40 ppm Cr(III) treatment was the same
wit/without G. deserticola, while in Cr(VI) treated plants, the inoculation with G. deserticola
significantly increased Cr concentration in tissues. The increase in metal absorption required an
increase in energy, which could explain the increase in TAA, as has been reported for Pb in
alfalfa plants (Lopez et al., 2007). The data gathered cannot afford for a concluding response for
result obtained at 80 ppm; however, it possible that the higher Cr translocation to the leaves
observed in the Cr(III) treated plants inoculated with G. deserticola (Figure 24c) caused the
increase in TAA. In addition, Castillo-Michel et al., (2009) reported that in leaves of pea plants,
TAA was correlated to the oxidation state of arsenic. It is possible that the oxidation state of Cr
also influenced the TAA observed in mesquite. At 160 ppm, in all cases TAA was higher in
plants inoculated with G. deserticola which, as explained above, was an expected response to the
increase in metal concentration in tissues observed in plants associated with G. deserticola. It is
important to point out that the amylase activity found in soil grown mesquite plants wit/without
G. deserticola was different to the response found in hydroponically grown mesquite plants
(Arias et al., 2009).
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Figure 31. Total amylase activity of mesquite (Prosopis) leaves treated for 30 d in soil medium with a)
) indicates
chromium(VI), b) chromium(III), and c) lead (II) at 0, 40, 80, and 160 mg L-1. This bar (
) indicates plants inoculated with Glomus deserticola (PF). Error bars stand
uninoculated plants (P) and this (
for SE.
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4.3.6. Evapotranspiration
The evapotranspiration was evaluated for 15 days only in Cr(VI) treated plants because
plants grown with this ion showed higher stress. Results showed that all controls (NS, NS plus
Cr(VI) and NS plus Cr(VI) plus EDTA) had similar evaporation rate. These treatments lost about
25, 55, and 80 mL at 5, 10, and 15 days, respectively. The water lost from jars containing plants
varied with the treatments. The highest rates of water lost were observed in jars with only plants
and plants plus G. deserticola (without Cr(VI)). In both treatments the water lost (mL) was
about 60, 130, and 250 at 5, 10, and 15 days, respectively (Figure 32). The lowest water lost was
observed in jars containing plants plus Cr (VI). These containers lost about 5, 25, and 60 mL of
water at 5, 10, and 15 days, respectively. The water lost from jars containing plants plus G.
deserticola plus Cr(VI) and plants plus EDTA plus Cr(VI) was similar to the lost from control
containers. Results are attributed to the changes in aquaporins that are channels for water
absorption. Aquaporins are responsible for fast water flow across membranes and movement of
stomata that control the water evapotranspiration (Kaldenhoff et al., 1999). Reports indicates
that aquaporins are inhibited by some heavy metals (Niemietz et al., 2002) and that AM fungi
help to regulate water flow through aquaporins under salt stress (Ouziad et al., 2006).
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Figure 32. Evapotranspiration (in mL) of mesquite (Prosopis) plants treated for 5 (

), 10 ( ), and 15 ( )
days in hydroponics medium with chromium(VI) at 40 mg L-1. NS represents nutrient solution, 40 is Cr(VI), P is NS
with plants, PF is NS with plants plus G. deserticola, PEDTA is plants with EDTA.

4.3.7. Pb and Cr TEM Analysis
Thin sections of mesquite roots and stems from plants grown in soil contaminated with
lead or chromium were compared by transmission electron micrographs with those of plants
grown in uncontaminated soil. G. deserticola was only observed in the peripheral cells of these
mesquite plants similar to results reported in hydroponically grown mesquite (Arias et al., 2009).
G. deserticola was present within the root cortex of plants grown in uncontaminated soil (Fig.
33a). This endomycorrhizal fungus was observed within epidermal (Fig. 33b) and parenchymal
cells as well as outside of collenchymal and xylem cells in the root cortex. A fine black
precipitate gave contrast to the cell membrane of xylem cells within a Glomus -infected mesquite
root with 40 ppm chromium(III) (Fig. 33c). G. deserticola was also seen within the cortex of the
mesquite stem in a plant grown in uncontaminated soil (Fig. 34a). When mesquite was grown in
soil containing lead (Fig. 34b) a fine, round black precipitate was observed within vacuoles of G.
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deserticola hyphae within epidermal cells (this section had not been post-stained). Very likely,
Pb precipitated as Pb nanoparticles inside G. deserticola, as has been reported for other metals in
Fusarium oxysporum (Khosravi et al., 2009). Sections of mesquite stem from plants grown in
soil with 40 ppm chromium(VI) showed dense staining within the walls of collenchymal cells
and very abnormal, tortuous parenchymal cells (Fig. 34c) which may be due to toxicity of the
chromium.
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a

b

Figure 33. Transmission
electron
micrographs
of
mesquite (Prosopis) root. (a)
Glomus deserticola outside of
control collenchymal cells
X4000, (b) G. deserticola
associated with the control
mesquite epidermis X6300, (c)
mesquite xylem cells with 40
ppm chromium(III) with dark
precipitate
on
the
cell
membranes X 4000. Scale
bars: 3 µm (a, c); 2 µm (b).
.

c
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a

Figure 34. Transmission
electron
micrographs
of
mesquite (Prosopis) stem. (a)
Glomus
deserticola within
control
mesquite
X4000
without post-stain; (b) G.
deserticola within epidermal
cells with 40 ppm lead(II)
X4000; (c) densely stained
collenchymal
cells
and
tortuous parenchymal cells
with 40 ppm chromium(VI)
X1600. Scale bars: 3 µm (a,
b); 8 µm (c).

b

c
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4.4. Conclusions
This investigation has demonstrated that G. deserticola helps to recover the toxicity of Cr
and Pb in soil grown mesquite plants. In addition, G. deserticola increased metal accumulation in
roots of Cr(VI) and Pb treated plants. For the Pb and Cr(VI) treated plants, the highest metal
accumulation was found in roots of plants treated with 80 ppm (about 16 000 mg Pb kg-1 dry
weight and 8000 mg Cr kg-1 dry weight). In the Pb inoculated plants, stem metal concentrations
at 80 and 160 ppm were also significantly higher compared to EDTA and solo metal treated
plants. No concluding response was observed in leaves. In the case of Cr(VI), stems of EDTA
treated plants had lower Cr compared to G. deserticola and solo metal treated plants. However,
leaves of plants treated with Cr(VI) at 160 ppm without/with G. deserticola, had significantly
more Cr compared to the other treatments. Stress tests showed that inoculated plants grown with
Cr(III) at 80 and 160 ppm, and Cr(VI) at 40 and 160 ppm, had higher TAA, while control plants
without/with fungus had highest evapotranspiration rates. X-ray mapping showed that in all
cases, G. deserticola inoculated plants had higher metal concentrations in vascular systems.

The TEM analyses showed that G. deserticola was present within the root cortex of
plants grown in uncontaminated soil (Fig. 35a). This endomycorrhizal fungus was observed
within epidermal and parenchymal cells as well as outside of collenchymal and xylem cells in
the root cortex. A fine black precipitate gave contrast to the cell membrane of xylem cells within
a Glomus -infected mesquite root with 40 ppm chromium(III).

Sections of mesquite stem from plants grown in soil with 40 ppm chromium(VI) showed
dense staining within the walls of collenchymal cells and very abnormal, tortuous parenchymal
cells which may be due to toxicity of the chromium. When mesquite was grown in soil
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containing Pb a fine, round black precipitate was observed within vacuoles of G. deserticola
hyphae within epidermal cells, which likely were Pb nanoparticles. Results of this study have
shown that G. deserticola enhances the Cr(VI) and Pb phytoremediation potential of mesquite.

97

CHAPTER 5

Mesquite Distribution in El Paso, Texas Area Using Multispectral Aster Images, Digital
Image Processing, and Spectral Signatures

Abstract
Historical information about the distribution of Mesquite in the region of El Paso Texas is not
well understood. Little is know about aerial photography, multispectral ASTER images, and
digital image processing that can provide data source for quantifying rates and characterizing
patterns of mesquite in this area. Leaf samples of mesquite populations and coordinate locations
were collected and recorded at different locations in El Paso area to determine spectral
distribution of mesquite. This study determined that the shift of native plants to mesquite has
been rapid showing dominance of this species over native plants populations. This could be
beneficial for future applications of mesquite-Glomus deserticola associations to clean up metal
impacted areas.

5.1. Background
Contaminated areas around the world present a major environmental and human health problem
that may be partially solved using digital image processing (DIP) and phytoremediation
technologies. Optical remote sensing through spectral images and DIP as a data processing tool,
allow to make use of visible and near infrared sensors to form images of the earth's surface by
detecting solar radiation reflected by vegetation, soil, and others objects (Liew 2001). Different
materials reflect and absorb differently at different wavelengths (Figure 35). Consequently, their
spectral reflectance signatures in the remotely sensed images can differentiate the targets.
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Spectral signatures at different wavelengths can be a potential solution for identifying potential
vegetation to cleanup the environment (Liew 2001).

Figure 35. (Richards et al., 2006).
Optical remote sensing infrared image. Different materials reflect and absorb differently at different wavelengths.

5.2. Spectral Reflectance Signature
Solar radiation is transmitted or absorbed by objects producing different wavelengths. The
reflectance spectrum of an object is a plot of the fraction of radiation reflected as a function of
the incident wavelength and serves as a unique signature for the object. Hypothetically, an object
can be identified from its spectral reflectance signature distinguishing its spectrum from other
objects (Figure 36). As seen in this figure, different objects have a unique reflectance. The
reflectance of vegetation is low in both the blue and red regions of the spectrum, due to
absorption by chlorophyll. It has a peak at the green region which gives rise to the green color of
vegetation. In the near infrared (NIR) region, the reflectance is much higher than that in the
visible band due to the cellular structure in the leaves ((Liew 2001, Chunjiang et al., 2008)
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The shape of the reflectance spectrum can be used for identification of vegetation type. For
example, the reflectance spectra of vegetation 1 and 2 in the above figures can be distinguished
although they exhibit the generally characteristics of high NIR but low visible reflectance.
Vegetation 1 has higher reflectance in the visible region but lower reflectance in the NIR region.
For the same vegetation type, the reflectance spectrum also depends on other factors such as the
leaf moisture content and health of the plants.

Figure 36. (Chunjiang et al., 2008)
Reflectance Spectrum of Five Types of Landcover . Hypothetically, an object can be identified from its spectral
reflectance signature distinguishing its spectrum from those of other objects.

The reflectance of vegetation in the SWIR region (e.g. band 5 of Landsat TM and band 4 of
SPOT 4 sensors) is more varied, depending on the types of plants and the plant's water content.
Water has strong absorption bands around 1.45, 1.95 and 2.50 µm. outside these absorption
bands in the SWIR region, reflectance of leaves generally increases when leaf liquid water
content decreases. This property can be used for identifying tree types and plant conditions from
remote sensing images. The SWIR band can be used in detecting plant drought stress and
delineating burnt areas and fire-affected vegetation. The SWIR band is also sensitive to the
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thermal radiation emitted by intense fires, and hence can be used to detect active fires, especially
during night-time when the background interference from SWIR in reflected sunlight is absent
(Fig. 37).

Figure 37. Typical Reflectance Spectrum of Vegetation. The labeled arrows indicate the common wavelength
bands used in optical remote sensing of vegetation: A: blue band, B: green band; C: red band; D: near IR band; E:
short-wave IR band

5.3. Objectives:
The main objective of this study was to develop procedures for mapping the mesquite
distribution determining its spectral signatures around El Paso, Texas area using multispectral
ASTER images and digital image processing

5.4. Methodology and Results
5.4.1. Aster Images
Using IR spectrometer (IRS, 3,072 × 2,304 pixels, photothèque CNEP, Ishikawa) equipped with
microscope accessory for materials analyses, ASTER Images and DIP data (surface reflectance
for the Visible Near Infrared (VNIR) and the Short Wave Infrared (SWIR) bands) were imported
and processed by using ENVI software (Cohen 2005). ENVI software allowed to process, open,
and modify DIP aerial data and created the aster images to determine the spectral signatures
distribution of mesquite plants. These results were used to estimate the number of spectral end
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members and their pure spectral signatures and to help understand the spectral characteristics of
mesquite, which make up that signature and the images (Roach 2005).
For the study area (El Paso, Texas), location, elevation, coordinates were determined. The
location and coordinates of the Aster image of El Paso were 31°47′25″N, 106°25′24″W
(31.790208, -106.423242), The city's elevation was 3,800 feet (1140 m) above sea level, and the
area was 648.9 km² (250.5 mi²). Figure 38 showed El Paso ASTER Image atmospherically
corrected (Roach 2005).

Figure 38. ASTER L2 Surface Reflectance Image “Atmospherically Corrected”

5.4.2. True color Image Method
Using ENVI software, ASTER data (El Paso area) was converted from low resolution original
image to high resolution true color digital image. This method allowed getting the high color
resolution of the multi-spectral image which is formed of pixels. Each pixel has red, green, and
blue values that correspond to pixels at the same location in the high resolution color image
(Figure 39).
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Figure 39. ASTER Surface Reflectance Images. Original Aster Image (left) and True color Image (Right)

5.4.3. Image Sharpening Method
Using ENVI software, aster data was sharpened and filtered to increase the resolution and focus
of the image. Sharpening methodology allowed correction to create the appearance of sharper
focus image (Figure 40).

Figure 40. ASTER Surface Reflectance Images. Sharpened Image (left) and Original Aster Image (Right)
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5.4.4. Mesquite Leaves Sampling and Coordinates Determination
Mesquite leave samples were collected from different points in El Paso area (Fig. 41). Using
aster images and topographic maps followed by a field visit, different locations in El Paso area
were determine and a Mesquite leave samples were collected. Samples were properly collected
in plastic bags and quickly transfer to the lab for theirs respective spectral analysis.
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Figure 41. ASTER Surface Reflectance Image. Mesquite leave samples collected from different points in El Paso
area.
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Using Global Position System (GPS) instruments longitude and latitude were recorded to
determine the location of the spectral signature of Mesquite. Table 10 described the location and
coordinates.
Table 10. Mesquite leave samples collected from different points in El Paso area.

5.4.5. Spectral Signatures Method
Using the spectral IR spectrometer located in the geology department at UTEP, the wavelengths
of Mesquite leave samples were determined. This instrument provided a unique and pure spectral
signature which help to understand the spectral characteristics of Mesquite (Fig. 42-43). In the
near infrared (NIR) region, the reflectance of Mesquite is high in the visible band due to the
cellular structure in the leaves (Roach 2005). Collected data was processed using excell and
ENVI softwares and compared with library data determining accuracy of the reflectance
signature of Mesquite (Fig. 42 and 43).
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Figure 42. Reflectance signatures of Mesquite.

Figure 43. Reflectance signatures of Mesquite.
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5.4.6. Regions of Interest and Spectral Verification
To verify the spectral accuracy, two regions of interest were chosen to determine mesquite
spectral verification. Location number 2 (Rio Grande/31° 53.998’ N / 106 ° 36.116’ W) and 5
(Mesa/Doniphan / 31° 50.792’ N/106 ° 34.591’ W) were selected. Using ENVI software,
mesquite wavelengths from location 2 and 5 were obtained and compared with mesquite spectral
library plot control (Figure 44). This method allowed establishing a correlation between regions
(2 & 5) and the control plot verifying mesquite reflectance spectra. Figure 44 showed the
correlation.

Resampling

Figure 44. Regions of Interest and spectral verification
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5.4.7. Supervised Classification Method
Supervised classification is an effective method of partitioning remote sensor image data in
multispectral feature space and extracting land-cover information. The reflectant spectra, the
land cover, and the pixels of mesquite were identified and extracted from remote sensing
database. The spatial coherency distribution of mesquite, expressed in red color, is shown in Fig.
45 (right). This figure illustrate the real distribution of Mesquite in El Paso area.

Figure 45. Original Aster Image(left) and Supervised Classification of Mesquite Vegetation (right)
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The spatial distribution accuracy of mesquite was obtained by using sieving and clumping
techniques. These techniques allowed the isolatation of mesquite pixels and improved the spatial
precision of mesquite distribution, respectevily (Fig. 46).

Add spatial coherency to existing classes

remove the isolated pixels based on a size

Original Image

Clumping

Sieving

Figure 46. Supervised Classification of Mesquite Vegetation. Original image (up), sieving (left), and clumping
(right).

Conclusions
The spatial distribution of mesquite vegetation in El Paso area was extracted from remote
sensing data using spectral signatures and DIP as data processing tool. The extracted graphics
have shown that mesquite is mainly concentrated between areas 5 to 10 of Figures 42. This
corresponds to the west side of El Paso County (Mesa and Doniphan, Franklin Mount National
Park, and Asarco area). This could be an important area to look for possible AM fungi naturally
associated to Mesquite. In addition, these results can be used to inoculate Glomus deserticola in
Mesquite growing in metal contaminated areas.
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CHAPTER 6
General Conclusions
The main goal of this investigation was to determine the role of the AM fungus Glomus
deserticola on Cr and Pb uptake by Mesquite (Prosopis juliflora-velutina). This investigation
was done under the working hypothesis that the AM fungus could increase the metal uptake and
tolerance of Mesquite
From phase I of this study, Glomus deserticola came out as the most promising candidate to
grow in Pb and Cr impacted medium. Thus this AM fungus was used in phase II (hydroponic
studies) and phase III (soil studies) of this research. The hydroponic experiment showed that G.
deserticola increased the tolerance of mesquite to Cr(III) and Pb. Toxic effects (yellowish leaves,
leaf decay) were observed after seven treatment days; however, Pb and Cr(III) treated plants
recovered upon conclusion of experimental period. Total amylase activity in leaves increased
upon the addition of Pb and Cr as a response to metal toxicity. The transmission electron
microscopy micrographs showed the presence of G. deserticola within roots. X-ray mapping
demonstrated higher Cr and Pb deposition in xylem and phloem cells. Results suggest that G.
deserticola improves metal tolerance/accumulation in mesquite.
Results from hydroponics were used to design the soil experiment. This experiment included
EDTA for comparison purposes. The data showed that inoculated Cr(VI) and Pb treated plants
had in roots 21% and 30% more Cr and 142% and 112% more Pb than uninoculated and EDTA
treated roots, respectively, at 80 ppm treatment. In the case of Cr(III), EDTA produced the
highest Cr accumulation in roots. TAA was higher in inoculated plants grown with Cr(III) at 80
and 160 ppm and Cr(VI) at 40 and 160 ppm, while evapotranspiration was higher in control
plants without/with fungus. TEM micrographs corroborated the presence of G. deserticola in
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roots and stems and the X-ray mapping showed higher metal concentrations in the vascular
system of inoculated plants.
These results corroborated 1) the heavy metal phytoremediation capabilities of mesquite, 2) the
increase in the uptake and translocation of Cr and Pb by AM fungus G. deserticola, and 3) the
differential distribution and accumulation of Cr and Pb within plant tissues.
This study also determined that it has been a rapid shift of native plants to mesquite, showing
dominance of this species over native plants populations. This could be beneficial for future
applications of mesquite-Glomus deserticola associations to clean up metal impacted areas.
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EPA Dallas Region 6

1610 Charleston Dr.

Dallas, Texas, 75202

Garland, Texas, 75041

(214) 665-8164

(915) 346-7147 cell

arias.jack@epa.gov

jaarias@miners.utep.edu

EDUCATION:
Ph.D. in Environmental Science and Engineer, December 2009
University of Texas at El Paso, El Paso, Texas
Master of Science in Environmental Studies, May 2004
University of Texas at El Paso, El Paso, Texas
Completion of High Level English, May 2001 University of Utah, Salt Lake City, Utah
Bachelors of Science in Biology with a minor in Wildlife Conservation Management
Oct 1998 University National de San Agustin, Arequipa-Peru top 10%

PROFESSIONAL EXPERIENCE
Environmental Scientist. RCRA MACT EEE Facility Assessment Section Inspector
and Risk Assesor. Environmental Protection Agency” Dallas Region 6 Present
Contact Information: Kishor Fruitwala (214) 665-6669
Coordination Risk Assessment and Air Modeling Projects (NM, OK, LA, TX, AZ)
Completing technical reviews of Risk data, CPT combustion data, and GIS images
Support Regional officers reviewing RCRA, Superfund, and Water federal grant proposals
Regional representative “Eco Café Beyond Translation Team EPA R6”
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Assisted in completing CPT and Risk Burn Plan and Project
Assisted R6 Multimedia Planning Division to develop and coordinate Division outreach
program.
Assisted EPA R6 and Border Office with activities of the Border 2012 Program
Coordinating information and opportunities with multifederal workgroup and with local,
state, federal, and academic organizations.

Environmental Scientist. Assistant, and Activities Coordinator, Border Outreach
Office. “Environmental Protection Agency” Dallas Region 6 June 2007 – September
2008
Contact Information: Dr. Carlos Rincon (915) 533-7273
Coordination of the Tri-State Rural Task Force along the Border
Collection of partnership environmental work of

local, state, federal, and academic

organizations
Assisted in reviewing water and air grants information, its translation in Spanish, and
distribution to state and local organizations.
Assisted with coordination of environmental education workshops and conferences to reach
more communities leaders and organizations along the Rio Grande
Assisted the EPA R6 with activities beyond translation and water activities and programs
Coordinate federal information with stakeholders, rural task force, binational organizations,
and political entities in Texas.
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Teaching/Research Assistant Bioremediation technologies” University of Texas at El
Paso September 2002-present
Contact Information: Dr. Jorge Gardea (915) 747-7552 Cindy Edgar (915) 747-5352
Taught environmental aspects of air, water, soils, and trained communities to find suitable
alternatives to solve environmental problems related with soil, air, & water
Taught agricultural and environmental principles to students and communities
Taught biology principles and effects/impacts of pollutants in the environment
Taught General Organic and biological Chemistry, introductory chemistry I and II, and
analytical chemistry labs

Investigations
Toxicity studies of Cr and Pb, and accumulation pathways of Cr(III), Cr(VI), & Pb by
Mesquite
Symbiotic effects of Fungi Populations in the Uptake of Cr(III), Cr(VI), & Pb by mesquite
Plants
Distribution of Cr(III), Cr(VI), & Pb in mesquite using TEM and SEM analysis
Symbiotic relationship between Glomus deserticola and Mesquite in water and soil
Toxicity effects of Cr, Pb, and in communities and wildlife
Imaging data processing, remote sensing, and spectral signatures studies in El Paso
Toxicity and Accumulation of Se by Plant Species from the Chihuahua Desert
Selenium Uptake and Tolerance by Covulvulus arvensis and Chilopsis linearis
Phytoremediation as an Ecological Solution to Inorganic Chemical Contamination
Phytochelate as Alternative for the Remediation of Pb soil Contamination in El Paso Texas
Remediation of hydrocarbons by using an integrated approach of risk assessment and In
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situ microbial methods

Teaching Assistant / Advanced Placement summer institute2004 for High School
teachers “University Of Texas at El Paso” July 2004
Contact Information: Socorro Herrera (915)747-5142
Trained high school teachers in environmental chemistry aspects of solutions and liquids

Assistant, and Activities Coordinator, Border 2012 and Rio Grande River Navigator
Programs” “Environmental Protection Agency” Dallas Region 6 June – September
2003
Contact Information: Ms. Adele Cardenas (214) 665-7110
Assisted in the coordination of the Biannual American Heritage River Initiative Conference
2003 in El Paso TX
Collected of ongoing project work by federal, state, and local organizations
Assisted in completing CD-ROM grants information, its translation in Spanish, and
distribution to communities.
Assisted with development and coordination of mini workshops and meeting to communities,
and work coordination with different organizations along the Rio Grande
Assisted the EPA liaison with activities of the American Heritage Rivers group and EPA
region 6 water quality protection divisions
Assisted in coordinating information with multifederal workgroup and with Congressman
Reyes office in El Paso
Maintained regional website and participating in bi weekly conference calls across the
country relates with water issues
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Botanical Garden “Red Butte Garden - University of Utah” March 2001-Nov. 2001
Contact Information: Toni Handsome (801)585-5226
Directed educational program to communities about greenhouse functions (germination,
plant growth, and control of humidity and temperature factors in green house system)
Trained communities about water used and constructions of efficient irrigation systems
Trained farmers and communities about different compost mediums usable for plants growth
Supervised and monitored growth of plants in green house systems

Research Assistant “Myrmecology studies in the bamboo Tropical Forest in Peru “University of Utah” March-Feb 2001
Contact Information: Dr. Diane Davidson
Developed a new methodology to locate undiscovered ant specie habitat and its behavior in
the bamboo rainforest in Peru.
Conducted studies about bamboo ant interactions with the wild life and ecosystem.
Directed behavioral studies, physiological analyzes, stable isotope analysis, and systematic
determination of new ant specie
Directed educational activities about conservation of the environment to natives communities
in the National Park Manu-Peru

Volunteer Research Assistant (Various Projects in Conservation and Tropical Wildlife)
Foundation ANAI TALAMANCA COSTA – RICA March 1999-Jan 2000
Contact Information: Mr. Diego Lynch (506) 224-3570
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Researched/trained students and communities about behavior and life cycle of green and
ladder-back sea turtle (Gandoca endangered turtle protection program)
Research/trained students and communities in the collection, nurturing, and control of the
physical factors of sea turtle eggs in hatchery conditions.
Researched/trained students and communities in tag sea turtles for future identification and
migration studies
Assisted in Birds -Naturalist Guide Training Program and tracked/studied of the
falcon and Boucher migration a long the Caribbean rainforest site in Talamanca Costa Rica
Trained communities about contamination impacts in their area and surroundings

Instructor and Research Assistant” “Universidad National de San Agustin-Arequipa
Peru’ Nov1996-Dec 1998
Contact Information: Mg. Angel Perez Valverde (0115154) 284372
“Projects management in Greenhouse Construction, biotechnology sciences, and pest
management control”
Developed programs to improve conditions and soil quality for plant growth
Trained farmers on soil applications and integrate control application in their crops
Instructed and gathered literature for farmers on greenhouse technology
Designed hydroponics systems for plant development

“Investigation of Mountain Flowers formation during El Niño”
Collected, identified, and classified mountain plants a long the coast during el Niño
Compiled table on research findings about the new vegetation and biodiversity
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“Benefits and Profitability of Organic Farming Practices and Future Possibilities”
Organized environmental workshops and taught farmers about agricultural techniques and
pest control management
Developed environmental educational programs for students and communities
“The Practical Application of Reforestation and Renewable Resource
Directed workshops about reforestation/renovation of resources in native
communities in Peru

SKILLS
Able to speak and write English and Spanish fluently, Microsoft Word, PowerPoint,
Microsoft Access, Work perfect, Excel, GIS, Arc View 9.3, Adobe Acrobat and Illustrator,
Adobe Photoshop, Access, Lotus Notes, Adobe reader/writing, AERMOD, GIS 9.3, and
SPSS. knowledge about the Ultraviolet-Visible spectrophotometer (UV-VIS), Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES), Flame Atomic Absorption
Spectrometry (FAAS), Graphite furnace Atomic absorption spectrometry (AA_G), Gas
Chromatography (GC), Nuclear Magnetic Resonance (NMR), and Infra Red Spectroscopy
(IR), Scanning Electron Microprobe (SEM), Transmission Electron Microscope (TEM).

AWARDS AND MEMBERSHIPS
UTEP Award “Oustanding Doctoral Student in Environmental Science and Engineer 2009”
EPA R6 Award “Sustainable Conference 2009”
EPA R6 Award “Beyond Translation Program”
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National SACNAS Conference 2006 Award (first place oral presentation)
NSF Fellowship Award (Bridge to the doctorate program) present
AGEP Scholarship 2004 Award (Alliances for Graduate Education and the Professoriate)
Outstanding Student Fellowship Award (UTEP 2003)
President student association “Environmental Science and Engineering PhD program”
present
Award “Activities organization - EPA River Navigator for the Rio Grande 2003”
Community Education Outreach - ANAI Foundation Program Award, Costa Rica, 1999
Program organizer - National Refuge of Wildlife Award, Costa Rica Costa Rica 1999
Member Environmental Advocates group (Recycling activities and community outreach
education)Sep 2002 present
Member National Hispanic Environmental Council April 2003 present
Member of SACNAS Organization present

VOLUNTEER SERVICE
Dallas Land Field and Dallas Botanical Garden
Unites Blood Services Drives present
El Paso City's Marathon 2007
Coordination of the EPA’s Biannual American Heritage River Initiative Conference
Collection of ongoing project work by federal, state, and local organizations EPA office in el
Paso Texas
Communities outreach activities, environmental education outreach, community groups
organization, and work coordination with different organizations in El Paso Texas
Various environmental/educational projects in Costa Rica – Foundation ANAI
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Trained and directed Agricultural Projects for farmers in Peru - UNSA University
Assisted in Mountain trail reconstruction – Franklin Mountain State Park, El Paso, Texas
Assisted Ecosystem Management – cleaning trash at Rio Bosque Wetlands, El Paso, Texas.
REFERENCES:
Dr. Jorge Gardea-Torresdey “Chairman Chemistry Department at UTEP” 915-747-5359
Dr. Jose Peralta Videa “Research Scientist at UTEP” 9195-747-8998
Dr. Carlos Rincon “Director EPA Border Office” 915-533-7273
Dr. Kishor Fruitwala “Director EPA Facility Assessment Section” 915-665-6669
Adele Cardenas “River Navigator for the Rio Grande Coordinator” Water Division EPA
Region 6 (214) 665-7110
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PRESENTATIONS
1. Undergraduate Research Expo. El Paso, Texas. April 2003. Phytochelate as Alternative
for the Remediation of Pb soil Contamination in El Paso Texas. Oral presentation.

2. Geological Colloquium Expo. El Paso, Texas. March 2003. Phytoremediation as
Alternative for the Remediation of Pb Soil Contamination in El Paso Texas. Poster
presentation.

3. National Hispanic Sustainable Energy and Environmental Conference. Albuquerque,
NM. April 5-8, 2003. Phytoremediation as Alternative for the Remediation of Lead and
Arsenic Soil Contamination. Oral presentation.

4. Environmental Career Services Conference. Washington, DC. July, 2003. Volunteer
work

at

Kenilworth

Aquatic

Gardens,

a

National

Park

Site

Washington, DC.

5. Environmental Protection Agency/Water Division Conference. Dallas, Texas. August
2003. OSHA Haz-Whopper Training.

6. SACNAS 2003 National Conference. Albuquerque, NM. October 2003. Toxicity and
accumulation of Se by plant species from the Chihuahua desert. Oral presentation.
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7. American Heritage Rivers Initiative Bi-Annual Conference. El Paso, Texas November 3 4, 2003. Development and coordination of mini workshops and meeting to communities,
and work coordination with different organizations along the Rio Grande.

8. National Hispanic Sustainable Energy and Environmental Conference. Albuquerque,
NM. April 2004. Poster presentation.

9. Desert Southwest Society of Environmental Toxicology and Chemistry. 1st Annual
Meeting Program. El Paso, Texas. Jun 2004. Selenium uptake and Tolerance by Tecoma
stans. Oral presentation.

10. Student Research Expo 2004. El Paso, Texas. April 2004. Remediation of Hydrocarbons
by using an integrated approach of risk assessment and In situ microbial methods. Poster
presentation.

11. New Mexico-AGEP MS. to Ph.D. Conference. Las Cruces. NM. May 2004. Post doctoral
training and oral presentation (Phytoremediation).

12. SACNAS 2004 National Conference. Austin, Texas. October 2004. Toxicity and
Accumulation of Se by Species Plants from the Chihuahua Desert. Oral presentation.

138

13. Desert Southwest Society of Environmental Toxicology and Chemistry (ZETAC)
Conference. 1st Annual Meeting Program. El Paso, Texas. Jun 2005. Effects of Glomus
spp. On Cr(III), Cr(VI), and Pb(II) uptake by mesquite (Prosopis spp.). Oral presentation

14. New Mexico-AGEP M.S. to Ph.D. Conference. Las Cruces. NM. May 2005. Post
doctoral training

15. Student Research Expo 2005. May 2005. El Paso, Texas. Selenium uptake and Tolerance
by Tecoma stans. Poster presentation.

16. Preparing Future Faculty Summer Institute 2005. El Paso, Texas. June 2005. Glomus spp.
Preparation and training program, and oral presentation. Glomus spp. Remediation of
Hydrocarbons by Using an Integrated Approach of Risk Assessment and In Situ
Microbial Methods.

17. Preparing for the post doctorate STEM Institute 2005. El Paso, Texas. November 2005.
Study of the Uptake Mechanism, Translocation and Storage of Heavy Metals by Desert
Plant Species.

18. SACNAS 2005 National Conference. Colorado, Denver. October 2005. Glomus spp.
tolerance and uptake when exposed to chromium and lead at different concentrations.
Poster presentation
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19. SACNAS 2005 National Conference. Denver Colorado. October 2005. Effects of Cr (III),
Cr (VI), AND Pb (II) in the AM Fungi growth.

20. Desert Southwest Society of Environmental Toxicology and Chemistry. Annual Meeting
2006 Program. Denton, Texas. May 2005. Effects in the Uptake of Cr (III), Cr (VI), and
Pb (II) by the AM Fungi Glomus spp.

21. Student Research Expo 2006. El Paso, Texas. March 2006. Effects of Cr (III), Cr (VI),
AND Pb (II) in the AM Fungi growth

22. Desert Southwest Society of Environmental Toxicology and Chemistry. Annual Meeting
2006 Program. Denton, Texas. May 2005. Effects in the Uptake of Cr (III), Cr (VI), and
Pb (II) by the AM Fungi Glomus spp.

23. SACNAS (Society for Advancement of Chicanos and Native Americans in Science)
2006 National Conference. Tampa, Florida. October 2006. Chromium and Lead Uptake
by mesquite plants (Prosopis Spp.) exposed to Cr(III), Cr(VI), and Pb(II)

in

hydroponics. Oral presentation. First Place Oral Presentation Award Winner Nation
Wide.

24. American Chemical society National Conference. Chicago, Illinois. March 2007.
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